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X.  INTRODUCTION 


This  is  the  annual  report  for  grant  AFOSR  03-0067.  The  period  covered  is 
May  10,  1984  to  April  30,  1985.  The  contents  detail  work  done  on  the 
lnvestigatln  of  oaterial  problems  for  high- temperature,  high-power  space 
energy  oonversin  systems.  The  speoifio  areas  of  researoh  inolude 
investigations  of  methods  of  decreasing  creep  at  the  high  temperatures 
enoountered  in  the  spaoe  environment!  investigations  for  improving  the 
properties  of  refractory  metals,  tungsten  in  in  particular  by  alloy  addltons 
of  rhenium,  thoria  and  hafniua  carbide*,  the  development  of  amissivity  data 
for  materials  of  Interest  at  elevated  temperatures. 

In  general  the  baseline  system  of  tungsten,  rhenium  alloys  is  being 
researched  to  improve  reorystallizatlon  characteristics,  creep  resistance 
and  other  Important  properties.  Impurity  distribution  and  their  deleterious 
phenomena  are  studied.  Thorium  and  hafnium  are  being  evaluated  because  of 
their  obvious  influences  on  reorystallizatlon,  Impurity  segregatin  and 
embrittlement,  solution,  dispersion  strengthening  and  gettering 
capabilities. 

The  alloys  being  studied  are  sintered  and  swaged  into  rods  and  wires  for 
various  high  temperature  mechanical  and  electronic  testing.  Among  the 
testing  devices  are  a  high  temperature  thermionic  emission  microscope,  a 
specially  designed  hi gh-teaperatur e  vacuum  tensile  testing  machine,  a 
specially  designed  and  built  zone  refiner  for  some  possible  refining, 
conventional  metallographic  procedures,  SEM,  TEM,  and  Auger  surface 
analyses.  A  specialized  quadrupole  mass  spectrometer  is  be  in  ginstruaented 
for  determnation  of  high  temperature  vaporization  and  thermodynamic 
characteristics  of  the  alloys. 
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During  the  past  year,  the  anayltloal  equipment  has  bssn  developed  and 
tasting  begun  on  tha  alloys.  Reseafoh  studies  on  orltloal  areas  auoh  as 
oraap  have  oontinued. 

Contrlbutars  to  tha  reported  work  include;  Jin  Morris,  Mysore  Ramallngam, 
Charles  Bioe,  Shloao  Snlr,  Derek  Tang,  Kurt  von  Braun,  Joe  Vittengel,  and 
Dean  Jacobs  on. 
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II.  DECREASED  CREEP  FOR  INCREASED  SPACE  POWER 


2.  t  ABSTRACT 

The  Air  Poroe  Offloe  of  Solentlfio  Research  reaffirmed  in  its  1982 
Conference  on  Prime  Power  for  High-Energy  Space  Systems  "that  materials 
would  be  a  aritioal  requirement  for  progress  toward  high  power  in  spaoe." 
Correspondingly  high  spaoeoraft  weights,  particularly  for  greater  waste-heat 
rejection,  foroe  operating  temperatirae  upward  and  emphasise  the  necessity 
of  decreased  oreep  for  increased  spaoe  power.  In  fact  alloys  oapable  of 
nearly  ultimate  metal  performance  will  soon  be  essential.  In  this  spirit 
the  following  paper  examines  reoent  developments  in  the  understanding  and 
description  of  mechanisms  contributing  to  or  detracting  from  oreep.  A 
discussion  of  various  creep  categories  and  related  processes  ensues.  Then 
methods  of  counteracting  oreep  reoelve  some  attention.  And  a  speolflo 
approach  to  decreased  oreep  In  hlfi-t«perature,  low- vapor- pressure  spaoe 
ultralloys  terminates  the  presentation  with  predictions  of  improved 
ductility,  increased  recrystallization  resistance  and  simplified  processing. 
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2.2  REQUIRED  MATERIAL  IMPROVEMENTS  FOR  FUTURE  SPACE  POWER 

The  Proceedings  of  the  AFOSR  Speoial  Conference  on  Prime  Power  fop 
High-Energy  Spaoe  Sy»twi  states  prefatorlally  [2.1],  "it  was  raadily 
anticipated  prior  to  the  oonfarenoa  that  matariala  would  be  a  oritioal 
retirement  for  progreaa  toward  high  power  in  apaoe."  And  in  faot  15 
pr  mentations  swelled  the  "Materisls"  session  of  that  1982  oonferanoe.  Most 
of  those  emphasised  resistsnoe  to  high  taaperatures  and  irradiation. 

Previously  the  Material a- workshop  chairman  for  a  NASA-convened 
conference  on  Future  Orbital  Power  Systems  Technology  Requirements  had  also 
stressed  thermal  performance  [2.2]:  "if  there  is  a  single  general  trend 
that  applies  to  the  vsrlous  combinations  of  heat  sources  and  oonversion 
methods,  it  is  the  one  toward  higher  souroe  temperature  and  higher  sink 
temperature— and  consequently  lighter  weight  systems.  For  this  reason  the 
workshop  felt  that  hi gh- temperature-materials  data  was  of  prime 
importanoe...." 

In  addition  to  enabling  greater  power  generation  ultimate  materials 
offer  higher  probabilities  of  withstanding  high-power  reception.  Increased 
short-term  toleration  of  burn- through,  thermal-shock  and/or  radiation 
effects  from  extremely  high- powar- density  electromagnetic  and  particle  bemes 
could  be  oruolally  advantageous.  Because  technologies  for  bean  generation 
lead  those  for  concentration,  oollimation  and  control  considerably,  partial 
and  secondary  beam  exposures  are  definite  possibilities.  And  in  such 
situations  ultimate  material  capabilities  could  mean  survival. 

More  generally,  in  the  long-range  view  of  materiel- technology  growth, 
movement  toward  the  ultimate  is  inevitable,  motivational  and  of  course 
immediately  desirable:  Just  as  superalloys  allowed  terrestrial  engineers 
greater  freedom,  ultr alloys  will  enable  space  engineers  to  reaoh  new  orbits 


of  oreative  thought.  Juat  as  prototypio  tungsten,  rhenium  (W,Re)  alloys 
evolved  from  the  pre-1973  spaoe-nuolear-reaotor  (SNR)  program,  improved 
versions  of  those  ultralloys  will  contribute  to  multimegawatt  SNR 
capabilities  in  the  future  £2.3  to  2.35].  And  the  superior 
thermophysiooohemioal  characteristics  of  suoh  alloys  will  open  previously 
inaooessible  areas  of  mission  and  spacecraft  innovation. 

Particularly  neoessary  e  pa  oe- power  capabilities  derive  from  high- 
temperature  resistance  to  areep  and  recrystallization  [2.3^  to  2.35].  And 
fortunately  techniques  that  inhibit  creep  and  reoryatallizatlon  often 
Improve  ductll ity—  the  lack  of  which  erects  a  major  barrier  to  W,Re 
ultralloy  applications.  So  more  ductile  alloys  that  resist  high- temperature 
creep  and  reoryatallizatlon  are  metalllo  combinations  that  can  unlook  design 
doors  to  space-power  expansion. 
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2.3  SOME  HIGH-TEMP  ERA  TORE -MATERIALS  CREEP  BACKGROUND 

Perhaps  the  preceding  section  implies  that  research  on  high- temperature 
creep  and  reorystall ization  spun  off  from  the  space  program.  Such  an 
inference  is  of  course  erroneous.  True,  Sherby  in  his  1962  paper,  "Factors 
Affecting  the  High-Temperature  Strength  of  Polycrystalline  Materials," 
credits  "the  Aeronautical  Research  Laboratories,  Wright-Patterson  Air  Foroe 
Base,  Ohio,  for  support  of  a  progran  on  a  study  of  the  elastic  properties  of 
materials  at  elevated  temperatures  and  on  the  role  of  elastic  properties  in 
the  high  temperature  creep  strength"  [2.36].  But  in  his  description  of 
"high  temperature  deform  at  ion...  characterized  by  (a)  breakdown  of  the  grains 
into  subgrains,  (b)  grain  boundary  shearing  and  grain  boundary  migration  and 
(c)  fine  slip  difficult  to  resolve  under  ordinary  microscopic  techniques" 
Sherby  cites  much  work  beginning  in  the  1930's  and  one  1917  publication.  In 
particular  he  refers  to  a  1938  paper  wherein  "Kanter. . .developed  a  creep  law 
which  was  truly  remarkable  in  that  he  suggested  the  importance  of  both 
diffusion  and  elastic  properties  on  creep...."  Diffusional  creep  effects 
received  considerable  attention  from  Sherby  in  this  and  his  1968 
contribution  to  Progress  in  Materials  Science,  Volume  13  (Incorporating 
Progress  in  Metal  Physics)  [2.37,2.169  references]. 

Lattice  diffusion  quite  naturally  appeared  to  be  the  simple  basis  for 
diffusional  creep  initially.  Nabarro  proposed  this  mechanism  in  19**8 
[2.38],  and  two  years  later  Herring  provided  the  appropriate  detailed 
analysis  for  "Nabarro,  Herring  creep"  [2.39].  For  steady  states  at  suitable 
conditions  to  render  lattice  diffusion  rate- determining  the  Nabarro,  Herring 
theory  predicts  creep  admirably. 

But  under  other  conditions  this  theoretic  model  underestimates  creep 
rates  greatly.  Recognizing  this  deficiency  Coble  suggested  in  1963  that 


accelerated  diffusion  along  grain  boundaries  oan  accommodate  polycrystalline 
deformation  [2.40,2.41].  And  of  oourse  in  regions  where  neither  grain-* 
boundary  nor  lattioe  diffusion  exhibits  negligible  effects  on  creep  the 
Coble  and  Nabarro,  Herring  expressions  combine  effectively  to  describe  their 
compounded  contributions.  However  these  mechanisms  fail  to  apply  when  grain 
sizes  grow  excessively  large  which  occurs  for  example  in  operations  near 
melting  points.  Then  with  similarly  low  stresses  lattioe  diffusion  controls 
creep  according  to  the  Harper,  Dorn  theory  [2.42]. 

At  the  other  extreme  creep  apparently  proceeds  lntragranularly  and 
Increases  exponentially  with  high  stress  values  (note  the  end  of  "High- 
Stress  Creep").  The  exponential  stress  dependence  persists  through  many 
orders  of  magnitude  in  creep  rate  [2.43],  This  enlgnatic  regime  continues 
to  provoke  speculative  examination  [2.44  to  2.47].  But  for  obvious  reasons 
the  lower  creep  ranges  are  more  important  practically  and  therefore  receive 
greater  attention.  Under  high  as  well  as  low  stresses  pure  metals  and  their 
solid  solutions  undergo  seemingly  similar  deformation  processes. 

Between  the  high  and  low  creep  regions  pure  metals  react  to  deformation 
through  a  recovery  process  such  as  dislocation  climb  [2.48,2.49].  Here  the 
required  vacancy  diffusion  proceeds  through  the  lattice  or  more  rapidly 
through  dislocation  cores,  the  latter  often  termed  "pipe  diffusion." 
However  for  solid  solutions  Weertman  theorized  that  accommodation  occurs 
with  dislocation  glide  with  a  lower-power  stress  dependency  than  that  for 
pure  metals  [2.37,2.50].  Now  lattice- solute- diffusion  as  well  as  pipe- 
diffusion  coefficients  become  considerations— although  applicability  of  the 
latter  is  not  experimentally  verified  [2.47].  Seme  solid  solutions  undergo 
transitions  from  dislocation  climb  at  lower  stresses  to  viscous  glide  at 
higher  stresses  and  then  back  to  climb  near  the  top  of  the  intermediate 
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creep  range  [2.51].  High-  tan  per  at  ure-  dim  b  inhibition  by  staoklng  faults 
from  dislocation  splitting  appears  to  impede  oreep  in  f aoe- centered- oubio 
(FCC)  and  hexagonal- olose-paoked  (HOP)  metals  coopered  with  bo dy- center ed- 
oubio  (BCC)  structures  (where  dislocations  "are  in  general  not  believed  to 
be  extended”).  But  although  stacking-fault  energy  is  important,  apparently 
another  reason  for  reduoed  FCC  and  HCP  creep  lies  in  lower  atomic- diffusion 
rates:  Impeded  transport  ooours  in  the  closely  packed  crystals  and  their 
widely  extended  or  severely  distorted  dislocations  [2.37,2.52]. 

Whether  diff usionally  accommodated  or  not,  grain- boundary  sliding  is  a 
dominant  deformation  mode  in  hi gh-temperatur e  creep  [2.53  to  2.57]. 
Important  variables  in  this  process  in  addition  to  the  basic  material 
chemistry,  grain  size  and  morphology,  temperature  and  stress  are  additive 
and  impurity  ohemistry,  grain- boundary  segregation  and  intergranular 
particle  size  and  distribution.  Grain-boundary-sliding  effects  are  of  prime 
Importance  in  the  nucleatlon,  growth,  aggregation,  load  shedding, 
integration  and  macrocraok  generation  of  Intergranular  cavities.  And  of 
course  this  cavitation  train  travels  a  direct  track  to  the  final  fracture. 
So  intergranular  cavity  nucleatlon  and  growth  are  significant  advanced 
stages  of  high- temperature  oreep  that  depend  on  plastic  flow  and  diffusion. 

2.4  DIFFUSION  EFFECTS  IN  HIGH-TEMPERATURE  CREEP 

Creep  in  a  particular  material  depends  directly  on  the  diffusion 
meohanlsm  that  predominates  under  prevailing  thermal,  mechanical  and 
morphological  conditions: 

e  -  Cf(T,o,d)D  [2.1] 

Here  the  steady-state  strain  rate  e  equals  the  product  of  a 
morphochemophysical  constant  C  and  a  function  of  absolute  temperature  T, 
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applied  stress  a  and  grain  size  d  as  well  as  the  pertinent  diffusion 
ooeffloient  D  -  DQ  exp(-Q/RT)  involving  frequency  factor  DQ,  activation 
energy  Q  and  the  gas  constant  R . 

The  diffusion  assignation  to  this  point  appears  rather  —  diffuse.  But 
the  lack  of  definition  derives  from  the  gamut  of  diffusion  processes 
available  in  a  simple  metal.  Over  ten  years  ago  GJ ostein  presented  an 
experimentally  verified  diffusion-coefficient  order  for  FCC  metals  [2.58]: 
Exemplary  values  at  half  the  absolute  melting  temperatire  (0.5Tm)  for  the 
logarithm  of  the  diffusion  coefficient  (mV sec)  are  approximately  -19  for 
FCC  lattices,  -14.7  for  FCC  dissociated  dislocations,  -12.2  for  FCC  grain 
boundaries  as  well  as  for  undissociated  dislocations  and  -11.4  for  FCC 
surfaces.  The  GJostein  inverted-homologous-temperature  correlations  average 
diffusion-coefficient  data  for  a  wide  variety  of  metals,  surfaces  and  large- 
angle  grain  boundaries.  Here  "undissociated"  refers  to  results  for  edge- 
dislocation  entitles  on  small-angle  tilt  boundaries  without  partial 
dislocations  as  well  as  stack! n?-fault  ribbons  which  characterize  the  term 
"dissociated"  [2.593. 

Thus  for  temperatures  considerably  below  Tm  diffusion  coefficients  for 
surfaces,  grain  boundaries,  undissooiated  then  dissociated  dislocations  and 
finally  lattices,  respectively,  satisfy  the  following  expression. 


Ds  >  Db 


..  >  „  >  D, 

d fU  d f d  l 


[2] 


Although  this  general  order  derives  from  FCC  results  it  probably  represents 
other  crystal  structures  generically.  In  fact  the  0.5Tffl  value  for  the  BCC 
log  is  about  -13.4.  However  the  apparent  lack  of  stacking  faults  in  BCC 
dislocations  presumably  precludes  Dd  d  leaving  only  Dd  u  or  Just  Dd  to 


For  solid  solutions 


symbolize  dislocation- core  or  pipe  diffusion  Dp. 
interdiffusion  of  solute  atoms  also  requires  an  appropriate  diffusivity 
So  equation  [1]  Invites  the  assignment  of  the  dominant  diffusion  coefficient 
or  coefficients  with  subsequent  utilization  of  the  pertinent  preceding 
subscripts  such  as  -  DlQ  expC-Q^/RT)  for  lattice  or  intragr anular 
transport. 

D.  often  appears  as  D  denoting  "volume  diffusion"  and  rationally 

Jb  V 

connoting  vacancy  diffusion:  Migrations  by  vacancies  (Schottky  defects), 
interstiti aides  (Frenkel  defects)  and  position  exchange  offer  possibilities 
for  self  or  substitutional  diffusion  as  opposed  interstitial  diffusion  of 
inordinately  small  particles.  Of  course  generation  of  interstitial ci es 
yields  a  like  number  of  vacancies  which  in  turn  promote  vacancy  diffusion. 
And  as  Implied  and  supported  by  experimental  findings  lattice  diffusion 
•occurs  primarily  through  vacancy  effects. 

But  Balluffi  reaches  a  similar  conclusion  for  "Grain  Boundary  Diffusion 
Mechanisms  in  Metals,  "the  subject  of  his  1982  Institute  of  Metals  Lecture 
(59): 

This  lecture  will  attempt  to  review  our  current 
knowledge  of  the  atomistic  mechanisms  responsible 
for  these  grain  boundary  diffusion  phenomena. 

Relevant  aspects  of  the  structure  of  grain 
boundaries  and  the  point  and  line  defects  which  may 
exist  in  grain  boundaries  are  described  first.  The 
important  experimental  observations  are  then 
discussed.  Diffusion  models  are  then  taken  up,  and 
it  is  concluded  that  the  atomic  migration  occurs  by 
a  point  defect  exchange  mechanism  which,  in  at  least 
the  vast  majority  of  boundaries  in  simple  metals, 
most  likely  Involves  grain  boundary  vacancies.  The 
grain  boundary  sources  and/or  sinks  required  to 
support  divergences  in  the  atomic  (vacancy)  fluxes 
are  grain  boundary  dislocations.  Phenomena 
therefore  occur  which  resemble  the  Kirkendall  Effect 
in  the  bulk  lattice  in  certain  respects.  Additional 
topics  are  discussed  which  include  effects  6f 
boundary  structure  on  boundary  diffusion  and  the 
question  of  whether  or  not  boundary  diffusion  is 
faster  along  migrating  than  stationary  boundaries. 


And  In  addition  to  the  importance  of  grain- boundary  as  well  as  lattice 
transport  in  the  low-creep  region,  vacancy  diffusion  along  the  cores  of 
dislocations  supports  recovery  prooesses  such  as  viscous  glide  and 
dislocation  climb  in  the  intermediate- creep  range  [2.47]. 

However  a  pipe  model  also  appears  best  adapted  to  predict  small- angle 
boundary  diffusion  [2.60].  Peterson  [2.61]  supports  this  observation  with 
experimental  data  [2.60,2.62  to  2.66]  in  his  1983  paper  on  "grain- boundary 
diffusion  in  metals."  And  of  course  he  agrees  with  Balluffl  that 
dissociated  dislocations  and  stacking  faults  are  relatively  Ineffective 
diffusion  paths  compared  with  their  undissociated  counterparts.  Evidence 
favors  "a  rather  well  localized  vacancy"  activity  in  a  three-dimensional 
process  for  the  appropriate  di si ocati on- core- diffusion  modelling 
[2.64,2.65].  Peterson  also  asserts  that  "the  effective  width  of  a  boundary 
for  grain-boundary  diffusion  is  about  two  atomic  planes.  Gleiter  computed 
such  grain- boundary  dislocation  widths  and  reveals  that  separate- dislocation 
modeling  applies  only  for  boundaries  with  orientation  dependencies  of  energy 
such  as  small-angle  geometries  [2.57]  —  although  Turnbull  and  Hoffman 
Indicate  applicabilities  to  16°  or  possibly  28u"  [2.60].  Peterson  also 
observes  that  diffusion  along  moving  grain  boundaries  apparently  can  be 
orders  of  magnitude  greater  than  along  stationary  ones.  And  he  discusses 
grain-boundary-diffusion  impurity  effects  with  special  attention  to 
segregation. 

Thus  very  important  diffusion  effects  on  creep  involve  solute,  additive 
and/or  impurity  segregation  at  lattice  Interruptions  such  as  dislocations, 
grain  boundaries  and  surfaces.  Diffusion  driven  by  chemical -potential 
gradients  segregates  foreign  elements  within  the  primary  metal.  Then  those 
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segregated  materials  affeot  lattice,  dislocation  and  grain- boundary 

diffusion  prooessee  whloh  in  turn  influent  creep  C2 .683 > 

Cases  of  retarded  Herrlng-Habarro  creep  are  analyzed 
in  terms  of  the  effioaoy  of  grain  boundaries  as 
sources  and  sinks  for  vaoanoiest  strongly  bound 
segregant  atoms  at  grain  boundaries  affeot  the 
mobility  of  defeats  and  henoe  oontrol  the  operation 
of  vaoanoy  souroea.  Recently,  observations  have 
been  made  on  the  effect  of  strongly  segregating 
solutes  on  grain  boundary  diffusivlty.  auoh 
behavior  influences  Coble  oreep  rates,  producing  a 
general  retardation.  Here  we  assess  the  magnitude 
of  the  effeot  lnduoed  by  various  surfaoe  active 
species  on  grain  boundary  diffusivlty  and 
consequently  on  Coble  creep}  predictions  show  that 
in  general,  small  amounts  of  highly  surfaoe  aotlve 
impurities  induce  a  remarkable  Inhibition  of  this 
form  of  oreep. 

Here  Hondros  and  Henderson  [2.68]  point  to  a  mechanism  oapable  of  exerting 
profound  Influences  not  only  on  oreep- res  ear  oh  results  but  also  on  the 
ultimate  development,  produotion,  fabrication  and  positive  or  negative 
performance  of  ultralloya. 

Exemplary  of  this  observation  is  the  extreme  segregation  of  exceedingly 
low  overall  concentrations  of  oxygen  to  grain  boundaries  in  VIA-group 
metals — and  the  resultant  embrittlement  [2.69  to  2.71].  In  this  vein 
Honeyoombe  [2.69]  discusses  impressive  effects  of  "micro- alloying"  to 
increase  not  only  oreep  strength  but  also  duotlllty  and  recrystallization 
resistance.  This  was  the  subject  Honeycombe  (Goldsmiths'  Professor  of 
Metallurgy,  Cambridge  University)  treated  in  his  "Caamemorative  Lecture  by 
the  Twenty-Eighth  Gold  Medalist  of  the  Japan  Institute  of  Metals"  in  Tokyo 
on  April  2,  1983.  So  the  importance  of  these  implications  are  certainly 
appreciated  internationally.  In  fact  the  well-known  Soviet  expert  on 
ultralloya  Savitsky  [2.9,  2.28,  2.29]  dwelled  on  the  strong  influences  of 
fractions  of  an  atomic  percent  of  hafnium  and  zirconium  carbides  on  the 
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"phase  composition,  structure,  and  properties  of  vaouum- melted  W- 
C(Zr ,Hf ,Nb,Ta,Re)  alloys  in  his  invited"  lecture  held  on  the  9th  Plansee 
Seminar,  Reutte,  1977"  [2.72]:  "It  has  been  established  that  high 
mechanioal  properties  of  tungsten  alloys  at  temperatures  up  to  2000-2500°C 
are  associated  with  the  formation  of  dispersed,  thermodynamically  stable 
precipitates  of  high-melting-point  Me  oarbldes  or  Me-C  complexes."  Savitsky 
et  alii  emphasized  gratifying  results  for  very  small  quantities  of  such 
carbides  in  W,Re  ultralloys:  "ZrC  and  HfC  formation  in  W  alloys  radically 
(by  300-600*)  shifts  the  onset  of  structural  ohangea  upon  reorystallization 
into  the  high-temperature  region."  And  because  reorystallization  is  a 
diffusion-controlled  phenomenon  of  course  the  previously  mentioned 
accompanying  Increases  in  creep  strength  are  also  very  substantial. 

Before  departing  this  section  on  "diffusion  effects  in  hi gh- temperature 
creep"  two  sources  for  lattice,  grain- boundary  and  surface  diffusion 
coefficients  deserve  mentioning.  The  pertinent  references  [2.73  and  2.74] 
both  originated  with  Rioe  et  alii  in  the  Brown  University  Division  of. 
Engineering.  And  in  addition  to  Acta  Metallurgloa  they  appear  in 
Perspectives  in  Creep  Fracture  edited  by  Ashby  and  Brown  of  the  Cambridge 
University  Engineering  Laboratories  [2.75]. 

2.5  GENERIC  CREEP 

High- temperature  creep  like  reorystallization  proceeds  through 
thermally  activated  processes  such  as  diffusion  in  the  inexorable  drive 
toward  reduction  of  the  total  free  energy  G  [2.71  ,  2.76,  2.77].  Perhaps 
better  terminology  for  the  Gibbs  function  G  is  "thermodynamic  potential"  or 
"free  enthalpy"  [2.78  to  2.80]: 

G-H-TS-U-TS+PV-F  +PV  (2.3) 


C 


with  enthalpy  H,  absolute  temperature  T,  antropy  S,  lntamal  energy  U, 
pressure  P,  voluaa  V  and  Helmholtz  function  F  also  oallad  "work  content"  or 
again  "free  energy." 

In  any  event  -AO  aquals  the  nat  or  avallabla  work  for  an  isothermal 
ravaralbla  ohanga  —  or  undar  auoh  conditions  tha  maximtm  work  at  constant 
temperature  WT  minus  tha  external  work  of  expansion  against  a  constant 
prasaura  PAV* 

AO  -  WT  -  PAV  -  H  -  TAS  (2.1*) 

And  in  systams  Involving  othar  than  P,V  work  af foots  thoaa  intensive  and 
axtenalva  quantltlas  undergo  raplaoamant  by  or  coordination  with  electrio 
intensity  and  polarization  in  capacitive  affects,  magnetic  field  and 
magnetization  in  oagnetlo  materials,  electromotive  force  and  oharga  in 
electric  oalla,  surface  tension  and  area  in  superficial  films  aa  well  aa 
tensile  force  and  length  in  elongated  wires. 

But  in  usual  ohsmloal  thermodynamics  0  -  r(T,P,n,  ,n,,...)  for  ni,nt,... 
amounts  of  substances  1,2,...  in  tha  system  phase  yields  a  vary  important 
partial  molal  property,  the  chemical  potential  y: 

3G 

P.T.iu.n . *  “l  <Z'5) 

And  component  i  tends  to  escape  from  regions  of  its  higher  ohsmloal 
potentials  to  regions  of  its  lower  chemical  potentials.  Therefore  chemical- 
potential  differences  indicate  escaping  or  migrating  tendencies  of  a  system 
constituent  [2.81]. 

Actaittedly  Pick’s  First  Law  for  flow  rate  dN/<*t  •  -AD^So/Bx  and  Fick’s 

c 

Second  Law  3c/3t  ■  D  3*c/3x*  purport  to  describe  diffusional  effects 

C 

entirexy  as  functions  of  concentration  c.  However  Fick’s  First  and  Second 
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Laws  fall  to  explain  "uphill"  diffusion  that  increases  rathar  than  daorsassa 
concentration  —  auoh  as  grain- boundary  segregation;  Because ,  as  previously 
observed,  diffusion  is  a  thermally  activated  process  dedicated  to  the 
diminution  of  total  free  enthalpy,  atoms  migrate  in  directions  leading  to 
overall  system  equilibrium  —  not  necessarily  to  concentration  homogeneity. 
And  in  a  ohemioal  system,  equilibrium  obtains  when  the  ohemloal  potential  of 
each  species  is  the  same  throughout. 

Therefore  the  gradient  of  ohemioal  potential  3y/3x  not  of  oonoentration 
drives  diffusions 

(H/dt  -  -  AD^3u/3x  (2.6) 

with  the  ohemioal- potential  diffusion  coefficient  D  as  a  funotlon  of  its 

u 

concentration  counterpart  DQ 

Dw  "  oD0  31nc/3u  “  Oco«~AH/RT  31nc/3u  (2.7) 

Here  w  -  u°  4  RTlna  where  u°  -  u  for  the  pure  component  and  activity  a  -  Yc 

with  activity  coefficient  Y.  Of  course  D  -  D exp(-AH/RT)  is  the 

Arrhenius  diffus ion- constant  expression  with  frequency  factor  Dcq  and 
activation  enthalpy  AH.  Thus  as  expected  diffusion  driven  by  chemical- 
potential  gradients  grows  exponentially  with  increasing  temperature.  And 
further  generalization  requires  consideration  of  the  total  thermodynamic 
potential.  For  example  electronic  migration  depends  on  the  sum  of  the 
chemical  potential  and  the  motive  (similar  to  the  electric  potential)  —  or 
the  total  electrochemical  potential  of  the  electron  phase  [2.81].  Scaled 
mlgratienal  similarity  prevails  for  ionic  phases.  Analogously,  stress 
concentrations  promote  vacancy  movement  and  countercurrent  atem  flux.  So 
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diffusions!  efreata  under  generalised  aarvloa  oondltlona  of  tan  become  quite 
ocmplex. 

And  aa  tha  preoedlng  » act  ion  indi  oates,  diffusion  la  a  major  f  motor  in 
hi gh- temperature  oraap.  Zn  roallty  aavaral  oraap  prooaaaaa  aay  prooaad 
affaotlvaly  togathar  —  In  parallel  and/or  in  aeries.  Than  tha  raaultant 
oraap  rate  da  pan  dr  on  tha  ralationahip  of  auoh  meohanlamat  Zf  thay  ooour 
Independently  tha  faotaet  jrooaaa  oontrola  tha  overall  oraap  rata.  Zf  thay 
operate  in  an  Interdependent  saquenoe  tha  slowest  mechanism  diet  at  aa  tha 
oraap  rata  C2.82].  Langdon  at  alii  further  define  aetalllo  oraap  behavlora 
aa  olaaa  N  and  olaaa  A  C 2 . 833 <  Clasa  M  la  oharaotarlatlo  of  pure  aatala 
whara  aavaral  prooaaaaa  prooaad  independently  resulting  In  higher  power  a  of 
stream  dapandanoy  for  higher  atrain  rataa.  Claaa  A  characterizes  solid- 
solution  alloys  and  "deslffiates  a  different  behavior  obaarvad  only  undar 
certain  conditions"  [2.47].  Zn  tha  lnteraediate  s trees  range  olaaa-M-to-A 
as  well  aa  olaaa-A-to-M  transitions  ooour  whan  Halting  oondltlona  are  aat. 
In  addition  to  aoluilon  effects,  precipitate  and  dispersion  strengthening 
exert  profound  lnfluenoea  on  creep  oharaoterlstloa  of  aetals.  But  these 
nodif loatlona  progress  toward  great  oraap  ooaiplexlty  whloh  la  reality  in 
many  situations  involving  impurities  aa  well  aa  additives. 

Frost  a  auoh  siapler  viewpoint  typloel  pure  art  si  oraap  curves  deplot 
the  time  traoe  of  strain  during  plastlo  deformation  caused  by  prolonged 
loading!  Generally  the  e,  t  plot  begins  with  instantaneous  elastio 
elongation.  Then  a  transient  or  priaary  stage  ooours  with  initially  high, 
then  decreasing  oreep  while  the  metal  hardens  and  develops  a  trees- dependent 
substructures.  Next  a  steady-state  or  seoondary  stage  obtains  with  a 
constant  creep  rate  and  essentially  stable  substructures .  Finally  the 
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runaway  or  tarltlary  stag*  prevails  ofttn  with  p*aln-boundary~oavlty  and 

naok  formations  followad  by  ultimata  fallvra. 

Suoh  oraap  oharaotarlatl oa  oorralata  wall  agalnat  homologous 

temperatures  T/T_.  Baoausa  various  t  harm  ally  aotlvatad  prooasaas  lnoraaaa 

sol  Id- parti  ola  freedom  culminating  In  fusion,  thalr  asoandmnoy  tamparatiras 

gaugad  against  tha  malting  point  Ta  Imply  motivation  anarglaa  for  thosa 

maohanlams.  Thus  In  oraap  affaots  t  harm  ally  aotlvatad  lnfluanoas  ramaln 

small  balow  -  0.3T.  "Cramp  baoomaa  an  Important  daformatlon  maohanlam 

■ 

abova  0. 3-0.5  T  "  [2.84].  Although  or  map- motivation  anarglaa  (Q  's)  oftan 

B  C 

plataau  batwaan  0.2  and  0.4  T  ,  dapandlng  on  strain  rat  as,  thosa  1  avals 

B 

gen ar ally  fall  balow  thosa  for  self  diffusion  Q#d' s  [2.37,  2.85].  Qanarally 
Qq's  approximate  Q  d's  for  metals  from  In  to  W,  metal  halides  and  oxides 
(citations  In  37)  at  temperatures  higher  than  0.4  to  0.5  T_  —  again 
depending  on  strain  rata  or  stress.  In  this  upper  region  approaching  T 

SI 

Qq's  tend  to  rise  slightly  with  inoreaslng  T  baoausa  of  tha  deareasing 
elastic  modules  E:  Actually  logarithmic  plots  of  i/Dad  versus  o/E  effect 
tighter  correlations  than  their  c,  o  counterparts  in  general  [2.37]. 

These  generalizations  engender  fmnillarlty  with  "generic  creep,’'  which 
of  oourse  can  produce  both  positive  and  negative  results.  But  the  following 
section  on  particular  oreep  effects  should  compensate  somewhat  for  the 
preceding  general  approach. 

2.6  SPECIFIC  CREEP 

An  interesting  oreep  definition  arrives  here  as  a  quotation  of  a 
paraphrastic  observation  by  Murr  [2.77]:  "As  Ashby  pointed  out  [2.86]  the 
total  creep  process  may  be  regarded  either  as  deformation  by  grain  boundary 
sliding  with  diffusion  maintaining  the  integrity  of  the  Interface,  or  as 
deformation  by  mass  transport  with  grain  boundary  sliding  aooommodatlng  the 
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incompatibilities  whioh  would  otherwise  appear  in  tha  interfaoe."  in  any 
event,  aora  spaolf loally,  in  any  oraap  avant  tha  appllad  stress  a  daforma 
tha  subject  cat  trial  alaaant  at  a  oharaotariatlo  strain  rata  c.  For  one- 
paroant  deformation  In  about  a  third  of  oantury  c  •<  1  o”  '  seoond-1,  whioh  la 
a  raasonahla  axpaotation  in  Many  appli  oat  Iona .  But  muoh  oraap  taatlng  and 
experience  davalop  strain  rat  as  a  any  ordara  of  magnitude  faatar  than  lo”11 
aaoond”1 . 

Traditionally,  graphic  oraap  prssantatlons  display  tha  logarithm  of  c 
over  about  tan  ayolce  against  tha  logarithm  of  a  ovar  about  thrss  oyolas  — 
although  tha  final  stags  of  oraap  oftan  spans  a  any  ordara  of  c  magnitude 
itaalf.  Tradition  also  diotatas  dividing  oraap  atraaa  Into  low, 
intermediate  and  high  regimes  --  with  the  rata  of  inoraaaing  c  growing 
greater  in  aaoh  auooaaslva  division  for  purs  me  tala.  To  this  point  no 
compelling  rationale  for  thwarting  auoh  customs  has  arisen. 

2.6.1  Low-Stress  Creep 

2. 6. 1.1  Nabarro,  Herring  Creep 

Mabarro,  Herring  oraap  [2.38,  2.39]  results  directly  from  stress- 
intensified  vaoanoy  migrating  from  grain  boundaries  under  tension  to  others 
under  oompression.  This  low-stress  small- grain  intragranular  transport 
phenomenon  precludes  diff  us  ion- accommodated  dislocation  movement  but  more 
aptly  approximates  Newtonian  viscous-fluid  behavior.  Additional  detailed 
descriptions  of  Nabarro,  Herring  creep  appear  in  references  2.37,  2.47,  2.76 
as  well  as  2.38  and  2.39  whioh  provide  an  appropriate  expression  for  the 
steady-state  strain  rate: 

CNH6'tf  -Q./RT 

*  "  kf  d*  Dlo*  (2'8) 
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Tht  symbols  are  these  given  for  equations  [2.1]  and  [2.2]  with  the  addition 
of  Boltanann'a  oonatant  k  and  tha  Burgara  vector  b  [2.80]. 

Nabarro,  Harrlng  oraap  dapanda  on  grain  boundaries  as  aourooa  and  ainka 
of  vaoanoiaa  but  on  lattioa  or  voluaa  diffusion.  Thus  as  night  bn  sxpsotad 
tha  Nabarro,  Barring  naohanins  dosinatas  low-stress  oraap  for  snail  grain 
sisae  in  tha  high- temperature  ragions. 

2.6.1 .2  Cobla  oraap 

Cobla  oraap  [2.40]  risas  in  inportanoa  as  taiparaturaa  daoraasa  for 
low-atrass  snail-grain  natal  a.  Now  rapid  diffusion  along  tha  grain 
boundariaa  predominates  pvnr  tha  nuoh  graatar  diffuaional  araaa  avmilabla  to 
lntragranular  or  lattioa  transport.  And  Cobla  oraap  prooaads  in  aooordanoa 
with  tha  following  aquation. 

.  cc  -v*r 

c  .  w  ji  n^.  U.9) 

So  Cobla  and  Nabarro »  Harrlng  oraap  baoona  equivalsnt  at  a  tomparatura 
influanoad  strongly  by  tha  diffaranoa  in  lattioa  and  grain- boundary 
diffusion  activation  anarglas  (aq.  (2)): 


‘ - g  Q  - - - 

CNH  Dlo  d 

R*n[  (-*-*)  (5 — )  (rj  ] 

CC  Dbo  D 

And  of  ooursa  in  tha  raglon  whara  both  oontributa  significantly  as  wall  as 
lndapandantly  aquations  (2.8)  and  (2.9)  ocmbina  effectively: 

b»o  -Q./RT  b  -Q./RT 

*  “  WlCNHDl06  *  ^ccDbo*  J 


(2.11) 
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This  expression  again  emphasizes  that  reduoing  grain  size  lnoraaaaa  thasa 
forma  of  low-stress  oraap  and  favors  Coble  deformation  In  particular. 


2. 6. 1.3  Harper  Dorn  Creep 

Harper,  Dorn  oraap  C2.42]  in  contrast  deletes  grain-size  dependence  and 
applies  well  for  deforming  a  ingle- crystal ,  bi  crystal  and  large- grained 
metals  at  low  stresses t 

,  CHBb°  -Q./RT 

c  -  — jjjjt —  Dloe  *  (2.12) 

Equations  (2.8)  and  (2.12)  predict  a  transition  from  Nabarro,  Herring  to 
Harper,  Dorn  creep  in  a  critical  grain-size  range  [2.47]: 

CNH  1/2 

d  -  (*■— J  b  -  1.5  x  10*  b  (2.13) 

CHD 

In  turn  eqs.  (2.9)  and  (2.12)  indicate  a  change  from  Coble  to  Harper,  Dorn 
creep  at 


C„D, 


Cub->  1/3  -CQ^-Q^J/SRT 


d  -  b(* — - — j  e 

CHDUto 


•  U  x  10*  b 


2/3 


1/3 


(2.14) 


where  5  is  the  grain-boundary  width  [2.47»  2.87].  Langdon  et  alii  estimate 
that  Harper,  Dorn  oreep  prevails  typically  above  grain  sizes  of  300  to  500 
urn  [2.47,  2.88]  with  substructures  of  uniformly  randomly  distributed 

dislocations  in  densities  Independent  of  stress  and  with  no  evident 
subgrains  [2.47,  2.89]. 


2.6.2  Intermediate-Stress  Creep 

2.6. 2.1  Low-Temperature  Creep  Accompanied  by  Dislocation  Climb. 
Low-temperature  creep  accommodated  by  dislocation  climb  depends  on  pipe 

diffusion  whloh  is  considerably  more  rapid  than  lattice  transport  at  lower 
thermal  levels  (eq.  (2.2)).  And  in  addition  to  its  reduced  energy  of 
motivation,  pipe  diffusion  ooours  through  the  intragranular  dislocation 
density  whioh  increases  with  the  aeoond  power  of  applied  stress  [2.90].  So 
low-temperature  intermediate-stress  oreep  with  dlslooation-ol  imb 
accommodation  exhibits  the  greatest  stress  dependency  in  its  range: 

CLTCb«’  • 

1  •  m1  "do* 

This  effect  eventuates  as  stress  increases  toward  the  upper  limit  of  the 
intermediate  range  at  temperatures  near  0.5  T.  Of  course  "low"  and  "high" 

B 

temperature  designations  here  are  relative,  referring  to  extremes  for 
elevated- temperature  deformation. 

2.6. 2.2  HlghrTemperature  Creep  with  Dislocation-climb  Accommodation 
High-temperature  creep  with  dislocation- cl  imb  accommodation  connotes 

the  ascendancy  of  vacancy  diffusion  through  the  lattice.  As  previously 
noted  this  steady-state  strain  rate  obtains  with  the  attainment  of  a 
persisting  arrangement  of  relatively  uniform  subgrains.  Within  the 
subgrains  which  vary  in  size  inversely  with  o  the  dislocation  density  again 
increases  with  o*  similar  to  its  intragranular  counterpart  in  low- 
tv'viperatire  deformation  with  climb  recovery  [2.91].  But  because  volume 
vacancy  diffusion  prevails  the  dislocation- density  effect  is  extraneous  in 
the  stress  exponent  of  the  creep-rate  equation: 


(2.15) 
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,  CHTC  bo*  -Q,/RT 
e  •  “W“  Dlo  • 


(2.16) 


This  expression  applies  not  only  to  pure  metals  but  also  to  solid-solution 
alloys  deforming  with  dislooation-ollmb  accommodation. 


2.6. 2. 3  Low-Temperature  Creep  with  Visoous  Glide 

Low- temperature  creep  with  visoous  glide  is  a  sol  id- solution  postulate 
of  Langdon,  "but  in  praotioe  this  low- temperature  behavior  has  not  been 
reported  experimentally*  [2.47].  In  "viscous  glide"  "the  rate  of 
dislocation  motion  is  dictated  by  the  velocity  with  whioh  solute  atoms  oan 
be  dragged  along  with  the  dislocations"  [2.37].  In  any  event  if  suoh  a 
process  were  dependent  on  vaoancy  diffusion  along  di&location  cores  within 
the  grains  the  intragranular-dlslooation-density  proportionality  to  o2  would 
again  Increase  the  applied- stress  exponent  over  that  for  hi gh- temperature 
dislocation  glide.  Then  the  low- temperature  viscous-glide  postulation 
becomes  the  following  equation. 

CLTG  bo*  -Q  /RT 

*  *  — HRT* — Ddio  •  (2*17) 

Apparently,  "although  in  principle  there  is  also  the  possibility  of 
diffusion  along  the  dislocation  cores  at  low  temperatures,"  the  effect  is 
negligible  in  "the  visoous  glide  of  dislocations  with  solute  atom 
atmospheres ." 

2.6. 2. 4  High-T«mperature  Creep  with  Dislocation  Glide 

High- temperature  creep  with  dislocation  glide,  however,  develops  in 


sol  id- solution  alloys: 
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CHTG  b0*  -Q../RT 

*m—m* — Duo 6  (2-18) 

There  only  dislocation  climb  accommodates  intermediate-stress  deformation. 
But  both  climb  and  glide  mechanisms  operate  in  metallic  solid  solutions.  In 
fact  Langdon  et  alii  indicate  these  are  sequential  phenomena  leading  to 
process  transitions  within  the  intermediate-stress  range  for  solid-solution 
creep  [2. 47. 2. 83,2.92,2.93) 1*  By  equating  (2.16)  and  (2.18),  correlating  the 
result  with  experimental  data  [2.92]  and  determining  the  stress  at  which 
"gliding  dislocations  break  away  from  their  solute-atom  atmospheres  [2.93] 
they  braoket  the  viscous-glide  regime:  "It  follows  that  olass  A  behavior 
with  n  •  3  (stress  power)  is  restricted  in  solid-solution  alloys  to  a  range 
of  normalized  stresses  which  is  given  by 
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where  -  3  x  10  ."  Also  e  is  the  solute,  solvent  size  difference;  c, 

solute  concentration;  5,  solute-atcm  inter  diffusion  coefficient;  r,  solid- 
solution  stacking-fault  energy;  and  incidentally  t  la  a  dimensionless 

constant  estimated  from  the  experimental  data  ( A 1  ,5%  Mg  at  827K)  as 

-7  -7 

*  3  x  10  s  subsequent  analyses .. .have  yielded  values  for  *  of  *  2  x  10  ." 

So  Langdon  et  alii  establish  transitions  frcm  high- temperature  climb  to 

viscous  glide,  then  back  to  the  di  si  o  cat  ion- climb  mechanism  again  —  all 

within  the  intermediate- stress  region  for  solid-solution  creep. 


2.8.3  High-Stress  Creep 

"The  high-stress  range. ..is  not  well  understood. ..  .high-stress  creep 
begins  where  the  power  law  breaks  down....  Creep  data  at  high  stresses  will 
generally  give  a  linear  relation  when  plotted  as  log  e  against  stress.... 


3 


Tbs  resulting  slope  is  a  strong  function  of  the  material ... .the  start  of  the 
upsweep  of  the  creep  rate... is  Independent  of  the  material  being 
investigated.  Although  possibly  entirely  unrelated  it  is  of  interest  to 
note  that  this  particular  relation,  e/D  -  10*,  was  proposed  by  Cottrell 
[2.94]  as  the  criterion  for  the  occurrence  of  the  Portevin-Le  Chatelier 
effect  (serrated  stress-strain  curves)  in  interstitially  alloyed  body- 
centered- cubic  metals;  in  this  case  D  is  the  diffusion  coefficient  of  the 
interstitial  atom....  It  would  also  appear  that  contemporary  creep  theories 
cannot  explain  why  high  stress  creep  begins  at  a  creep  rate  equal  to  10'D.n 
These  1968  observations  by  Sherby  and  Burke  [2.37]  apparently  still  apply. 
Little  additional  Information  accrued  in  the  interim  —  although  Sherby  et 
alii  published  results  in  1980  indicating  that  above  the  power-law 
breakdown,  normalized  creep  rates  gram  exponentially  with  stress  through  up 
to  fifteen  orders  of  magnitude  [2.95]. 

In  1981  Langdon  stated  [2.47],  "At  high  stresses  there  is  an 
exponential  dependence  on  stress  of  the  form 

e  i  exp(Bo)  (2.19) 

where  B  is  a  constant,  p  -  0  (grain-size  exponent)  because  the  deformation 
process  relates  to  a  lattice  mechanism,  and  the  activation  energy  is  of  the 
order  of  the  value  for  lattice  self-diffusion  Q^."  But  in  1983  Langdon 
commented  [2.47],  "In  addition  pipe  diffusion  tends  to  dominate  under  these 
('power-law  breakdown')  conditions  so  that  the  activation  energy  is  closer 
to  Qp  than  Q^."  He  also  cited  "speculations"  on  high-stress  creep 
[2.45,2.46)  and  emphasized  its  incipience: 

o/G  -  2  x  10"3  (9D  and  c/D  -  10*  cm"2  (44)  (2.20) 


Thus  probably  because  of  a  lack  of  practical  interest  In  power-law  breakdown 
the  1968  observations  by  Sherby  and  Burke  apparently  still  apply. 

Grain-Boundary  Sliding 

In  contrast  to  the  neglected  power-law-breakdown  technology  grain¬ 
boundary  sliding  attracts  much  attention  [2.53  to  2.573  —  particularly  in 
relation  to  inter  granular- cavity  nuoleation,  growth  and  integration  to 
macrocrack  formation  with  propagation  eventuating  in  fracture  [2.54  to 
2.56,  2.73  to  2.75).  To  explain  cavity  production  reference  56  details 
finite- el  ament  analyses  that  determine  stress  concentrations  at  hard  grain- 
boundary- par  tide  apices  and  triple-grain  junctions  in  alleys  creeping  with 

low  grain-boundary-sliding  resistance,  typical  above  0.4  T  .  However  for 

n 

general  purposes  "an  evaluation  of  deformation  models  for  grain- boundary 
sliding"  seems  appropos  [2.533:  Such  a  discussion  precludes  lntragranular 
processes  independent  of  grain- boundary  mechanisms.  Either  the  grain¬ 
boundary  effects  take  the  form  of  creep  that  elongates  grains  in  the 
tensile-stress  direction  with  lattice  [2.38,2.393  and/or  grain-boundary 
[2.403  vacancy  diffusion  —  "grain- boundary  sliding  with  diffusional 
accommodation"  [2.963  termed  lifahitz  sliding  [2.53,2.97].  Or  they  manifest 
as  grains  slipping  past  each  other,  communicating  through  their  mutual 
boundaries,  without  granular  distortion  —  termed  Rachinger  sliding 
[2.53,2.973. 

2.6. 4.1  Intrinsic  Sliding 

Intrinsic  sliding  involves  basically  only  two  primary  plane  surfaces 
unimpeded  by  secondary  granular  effects  such  as  triple-grain  junctions 
(triple  points).  This  model  applies  in  a  strict  sense  only  to  bicrystals 
sliding  either  on  surface  irregularities  such  as  ledges  or  through  boundary 
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prooeaaea  auoh  aa  dislocation  ollnb  and  glide.  For  grain- boundary  all  ding 
accommodated  by  materiala  tranaport  between  ledgea  Aahby  et  alii  provide  an 
appropriate  expreaaion  for  the  lntrinaio  velooity  v  [2.96,  2.98,  2.99]: 

86b* t  8fibt 

Va  “  'VThy  Db  *  TF"  Db(aa  h  *  atcnic  h*1#1*)  (2.21) 

with  prevloualy  defined  aymbola  exoept  ahear  atreaa  t  and  ledge  height  h. 
For  auoh  lntrinaio  Lifshitz  sliding  Langdon  and  Vaatava  observe  that  "this 
type  of  flow  la  adequately  modeled  for  pol yoryatalllne  materials  by  the 
theories  of  N aba rro-H erring  and  Coble  for  diffusion  creep,  and  it  does  not 
in  general  lead  to  oavlty  formation"  [2. 53]. 

More  important  In  prooeaaea  leading  to  fracture  la  lntrinaio  Rachlnger 
sliding  involving  dislocation  glide  and  olimb  in  boundaries  hindered  by  the 
steps  there  [2.100]: 

6bt  *Q2/^(Htana  cotY)  6bt 

V  ■  fi  D  -  +  [■MHMMMMHWMMMWMMMMv]  «WN  Q  (2.22) 

s  p  kT  -  1  x  tana  cotY  ;  kT  v  ' 


where  ♦  is  reciprocal  dislocation  spacing;  Q,  atomic  volume  (~b*);  x, 
diffusion-path  length  (~10b&  with  boundary- dislocation  Burgers  vector  t^);  a 
and  y  are  angles  orienting  the  boundary  and  axis  of  rotation.  For  sliding 
through  dislocation  climb  only  the  boundary- plane  shear-strain  rate  Yba 
results  from  another  model  [2.101]: 


2cj  pbdbbT 


*KkT 


(2.23) 


with  jog  concentration  c^  ,  moving  grain- boundary- dislocation  density  p^, 
number  of  b^s  in  the  dialocatlon-cllmb  distance  for  each  added  atom 
[2.1  to  2.10]  and  a  constant  for  bb  orientation  relative  to  the  boundary 


Although  intrinsic  sliding  is  a  Newtonian  viscous  process  the  Indioated 
unit  stress  exponents  are  generally  greater  experimentally  than  this 
theoretioal  value  [2.53,2. 101 ]. 

2.6. 4.2  Extrinsic  Sliding 

Extrinsic  sliding  in  ocntrast  applies  to  polyoryatelline  materials  and 
therefore  includes  secondary  granular  ef foots  such  as  accommodation  at 
triple  grain  Junctions  [2.49,  2.53,  2.102  to  2.108].  Folding  at  triple 
points  often  accommodates  g-ain-  boundary  sliding  as  described  by  Gif  kins 
[2.102]: 

,  yXbc*‘* 

«b,  *  2  V  T33W  D,  (2.2,) 

Here  C  is  "the  constant  In  the  standard  rate  equation  for  lattice  creep  by 
dislocation  climb,"  3#*‘ir1/8b1  •*N0**  for  "climb  at  the  head  of  dislocation 
pileups"  and  -1 /6w°',b‘ •*N,»I  for  "climb  at  multipoles"  with  N  as  the 
active- dislocation- source  ninber  density  [2.49,2.53,2.103].  F  is  a  triple- 
point-sliding  stress-concentration  factor;  y,  the  triple- point-fold  width; 
and  X,  the  subgrain  size  equal  to  AbG/o  with  another  constant  A  [2.53]. 
Incorporating  this  X  equivalent  Langdon  suggests  another  version  of  (2.24):  ■ 

,  yb*o**s 

eba  "  2CFFA  Tc WGT?*  Di  {2*25) 

Thus  the  activation  energy  for  this  ext ri ns ic- si i ding  model  is  that  for 
lattice  self-diffusion  (D^  -  exp(-Qj/RT ) ) . 

Gif  kins,  author  of  (2.24),  collaborated  with  Raj  and  Ashby  in  the 
development  of  (2.21)  which  Crossman  and  Ashby  modified  to  apply  to 
polycrystalline  boundary  sliding  with  intragranular  plastic-flow 
accommodation  [2.104]: 
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Here  th«  activation  energy  1b  that  for  grain** boundary  diffusion 
(Db-  exp(-Q&/RT ) ) .  Gif  kina  [2.105]  asserts  that  another  solution  to 
this  problem  based  on  grain- boundary  coherency  [2.105]  lacks  experimental 
applicability  —  perhaps  beoauae  it  is  a  limiting  version  of  the  model 
[2.53f 2.107).  In  any  event  Ashby  et  alii  have  contributed  heavily  to  grain- 
boundary  sliding  technology. 

However  an  early  unique  contribution  from  Langdon  provides  an 
expression  for  polyoryatalline  sliding  accommodated  by  grain- boundary 
cavitation  and  cracking  [2.108]: 

bao* 

cbs  "  Cc  STSff  dA  (2*27) 

This  equation  and  (2.26)  indicate  grain- boundary- si idlng  rates  inversely 
proportional  to  grain  size;  (2.25)  shows  the  reciprocal  of  squared  grain 
size.  And  the  stress  exponent  varies  from  one  through  two  to  3.5  (or  4.5). 
In  this  vein  Langdon  states  [2.53]*  "Published  experimental  results  on 
grain- boundary  sliding  are  tabulated,  and  it  is  shown  that  there  are  wide 
variations  in  apparent  dependence  of  sliding  on  stress  and  temperature. ..  .it 
is  concluded  that  none  of  the  models  is  entirely  consistent  with 
experimental  data." 

2.7  CREEP  EFFECTS  IN  DIFFUSIVE  INTERGRANULAR  CAVITATION 

As  previously  stated,  grain- boundary  sliding  is  a  primary  process  in 

the  nucleatlon,  growth  and  coalescence  of  intergranular  cavities.  But  to 

properly  assess  the  importance  of  boundary  sliding  Argon  et  alii  provide 

seme  background  and  context  in  their  1983  and  *84  papers  [2.55]: 

The  mechanistic  details  of  intergranular  fracture 
in  creeping  alloys  have  recently  been  critically 


assessed  by  Argon  [2,54].  More  v®  will  be 
interested  only  in  the  mechanisms  of  cavity 
nuoleatlon  and  growth. .. .Sinoa  at  alavatad 
temperatures  point  dafaot  oonoantratt ona  and 
aobilitiaa  ara  both  high,  oavity  nuolaation  haa 
baan  considered  aa  a  olaaaioal  nuolaation  prooaaa 
of  a  vaoant  phaaa  by  tha  aggl emanation  of  vacancies 
on  a  tr  ana  ad  intarfaoaa.  Tha  thaorotioal  modal  a  for 
suoh  nuolaation  (2.109  to  2.111)  raault  in  a 
reciprocal  tine  p  for  oavity  nuolaation  that  is  of 
thla  fora, 


p  •  pQaxp(-A0#/kT) 

II  li/2  # 

-(2vr  Db«/Q  '3)axp(onQ/kT)axp(axp-AO  /kT)  (2.28) 

a  a 

whara  r  and  AG  ara  tha  radiua  and  fraa  anargy  of 
tha  oritioal  else  oavity  at  its  saddla  point 
configuration,  nuolaatad  under  local  normal  stress 
o  at  tanpsrature  T  and  whara  Dfc  6  is  the  linear 
diffusive  conductance  of  the  pain  boundary... a  the 
atonic  voluae....  These  threshold  stresses  ara  of 
tha  same  order  as  the  cohesive  strength  of  high 
quality  interfaces  at  low  temperatures  that  need  to 
be  readied  in  ductile  fracture  to  form  oavitles 
[2.111,2.112].  Thus  the  formation  of  oavitles  at 
elevated  tea  par  at  urea  la  not  si  p.lfioantly  relaxed. 

Similar  results  can  be  obtained  for  other  metals 
and  for  ceramics  [2.113].  Since  tha  service 
stresses  at  which  intergranular  fracture  occurs  are 
more  than  a  factor  of  20  lower,  it  is  necessary  to 
conclude  that  stress  concentrations  are  needed  to 
oavltate  a  grain  boundary.  Grant  and  ooworkers 
[2.114,2.115]  have  demonstrated  experimentally  that 
Intergranular  cavitation  required  both  grain 
boundary  sliding  and  pain  boundary  particles,  that 
cavities  form  preferentially  at  pain  boundary 
particles,  and  that  when  particles  are  scrupulously 
removed,  cavities  do  not  form  even  though  boundary 
sliding  is  present. 

So  intergranular  cavitation  requires  stress  concentration  that  results  from 
pain** boundary  sliding  over  hard  grain- boundary  particles.  But 
polycrystalline  pain-boundary  sliding  alone,  over  inherent  triple  points, 
falls  to  generate  cavities. 

With  these  salient  observations  Argon  et  alii  attacked  the  problem  of 
stress  concentration  during  pain-boundary  sliding  [2.56,2.111,2.116].  They 


analysed  "two  apparent  souroes  of  intergranular  atreaa  concentration! 
nondeformable  pain- boundary  particles  and  triple  grain  Junctions  both  of 
which  have  been  amply  deaonstrated  to  be  of  importance  in  creep  fracture 
[2.117,2.118].  We  have  disouased  earlier  [2.111]  that  these  two  problems 
are  complementary  in  nature  and  in  timing.  While  the  first  problem  of 
stress  oonoentration  around  grain- boundary  particles  is  the  dominant  one,  it 
exists  with  full  intensity  only  during  short,  transient  period  of  rapid 
sliding.  The  second  problem  of  stress  concentration  at  triple  grain 
Junctions,  on  the  other  hand,  builds  up  gradually  as  the  shear  tractions  on 
slanted  boundaries  are  reduoed  to  zero.  Both  analysis  [2.111]  and 
experiments  [2.111,2.117]  indicate  that  the  first  problem  is  important  in 
oavity  nuoleatlon  and  the  second  in  rapid  ooalesoenoe  of  already- formed 
oavitles  to  form  wedge  oracks....  In  the  speoial  oaae  of  modeling 
Intergranular  cavitation  that  we  are  interested  in  it  is  neoessary  to  apply 
some  modifications  to  these  stress  fields  by  considering  the  stress¬ 
smoothing  effect  of  diffusions!  flow  between  portions  of  a  boundary  under 
high  tensile  stress  and  adjacent  portions  under  high  compressive  stress" 
[2.56]. 

Argon  [2.55]  gauges  this  "stress- smoothing  effect"  against  "a  critical 
diffusion  length  [2.112]": 

L  -  (DwdwQoVkTc  )1/3  (2.29) 

d  d  e  e 

Noedleman  and  Rice  [2.71*]  "show  that  coupling  between  creep  and  diffusion 
can  be  expressed  in  terms  of  a  stress  and  temperature  dependent  material 
length  scale  L  introduced  by  Rice  [2.119],  where"  the  expression  is 
identical  to  eq.  (29).  They  assert  that  "when  the  length  L  is 
large...  com  pared  to  cavity  radius  (a)  and  half-spacing  (b),  plaatlo  creep 


flow  effects  oan  be  neglected.  On  tha  othar  hand. ..whan  L  la  small  oomparod 
to  tha  spaolng,  oouplad  or eep- diffusion  affaots  ara  Important,  and  tha  ratio 
of  cavity  growth  rata  to  tha  pradlotlon  baa  ad  on  tha  rigid-grains  (Hull- 
Rimer)  modal  la  fovnd  to  ba  a  rapidly  lnoraaaing  funotion  of  tha  ratio 
a/L.”  Also  argon  obaarvad  that  "it  must  ba  oondudad  that  oavity  formation 
la  distinctly  favored  naar  tha  apax  raglona  of  grain  boundary  partiolaa 
provided  that  thasa  partiolaa  ara  of  a  alaa  in  axoaaa  of  tha  orltioal 
diffusion  length  ao  that  tha  atraaa  oonoantratlona  oannot  ba  aff actively 
leveled  down  by  diffuslonal  flow  around  tha  partiolaa"  [2.55]. 

So  aq.  (2.29)  predicts  tha  inolplanoa  of  nuolaation  and  of  plaatlo- 
oreep-flow  Influence  on  tha  growth  of  intergranular  cavities:  Thus  tha 
Argon,  Rica  diffusion-length  expression  appears  to  ba  an  important  tool  In 
tha  technology  development  for  grain- boundary  cavitation. 

Creation  of  cavity  nuclei  eludes  detailed  experimental  verification 

•Q 

because  characteristic  nuolaation  diameters  approximate  2  x  10  mater  — 
about  ten  crystal-ionic  diameters.  And  tha  smallest  cavities  detected  with 
more  or  less  conventional  microscopy  are  about  10  meter  [2.54,2.55].  In 
fact  nucleatlon  radii  are  quite  close  to  the  grain- boundary- segregation 
thickness  for  oxygen  in  commercial  molybdenun  which  required  as  imaging  atom 
probe  with  a  high- resolution  time-of-f light  spectrometer  for  elucidation. 
But  such  f  1  eld- loni zati on-microscopic  techniques  seem  somewhat  unadaptable 
to  creeping  cavitation  studies  [2.69,2.70]. 

Another  complication  in  cavlty-nucleation  observation  is  the  tendency 
of  nuclei  to  grow  very  rapidly  because  of  elastic  dilation  in  the  stress 
concentrations  at  the  generating  apices  of  grain- boundary  particles:  An 
order  of  magnitude  cavity-size  increase  resulting  in  abrupt  stress- 
concentration  reduction  is  a  reasonable  estimate  [2.55].  So  the  probability 
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of  freeslng-in  nueleatlon  for  later  diiseotlon  and  aubmlcroaoopio  inspection 
is  low.  However  many  detailed  atudlse  of  othar  nuolai-gtnarating  prooaasaa 
art  alao  diffioult.  Tout  au  oontraire  oavlty- growth  Investigations  aaaa 
considerably  simpler.  But  Argon  atatad  in  1983  [2.55],  "In  spite  of  auoh 
suooess  in  understanding  of  oavity  growth  that  has  evolved  over  the  past 
decade,  there  are  still  large  disorepanoies  between  experiment  and  theory 
that  require  attention." 

Thus  although  a  detailed  aooountlng  of  progress  in  grain-boundary- 
cavitation  technology  appears  unwarranted  in  this  general  paper,  further 
appraisals  in  the- near  future  should  prove  very  illuminating. 

2.8  ANOTKR  GRAIN-BOUNDARY- SLIDING  MANIFESTATION :  SUPERPLASTICITY 

Super  plasticity  enables  alloys  to  extend  hundreds  even  thousands  of 
percent  without  failure  or  even  necking  down.  Because  such  deformation 
capability  offers  obvious  processing  advantages,  if  it  is  precluded  under 
service  conditions,  the  USSR  investigated  superplastioity  Intensively 
beginning  in  the  mid  1940’a.  Soviet  scientists  and  engineers  published 
numerous  papers  and  reference  books  on  this  phenomenon.  Finally  after 
publications  of  surveys  of  the  USSR  work  the  US  became  interested  in 
superplastioity  in  the  1960*8.  By  now  reviews  of  this  technology  each 
containing  well  over  a  hundred  referential  citations  are  commonplace 
[2.120,2.121) . 

In  the  latter  John  Gittus  (United  Kingdom  Atomic  Energy  Authority, 
Harwell),  Editor-In-Chief  of  "The  International  Journal  of  Structural 
Mechanics  and  Materials  Science,"  presents  a  simple  informative  1983 
description  [2.121]? 

...Superplastioity  is  a  widespread  phenomenon 
exhibited  by  very  many  metals  and  alloys.  Indeed 
it  is  probably  possible  to  produce  the  superplastic 
state  in  most  common  alloy  systems.  The  prime 
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requirement  is  a  ffns  stsblt  grain  si  as  which  oan 
ba  produosd  in  two  main  wayst 

a)  By  pinning  the  grain  boundaries,  for  example 
with  a  fine  precipitate. 

b)  By  having  about  5QH  of  a  second  phase  present  in 
a  finely  distributed  form.  The  grain  size  at 
equilibrium  is  then  approximately  equal  tc  the 
size  of  the  second  phase  petioles. 

Deformation  in  superplastio  materials  ooours  by  a 
mechanism  whioh  is  quite  distinct  from  the 
homogeneous  straining  prooess  that  characterizes 
normal  flow.  In  the  latter  case... every  grain 
exhibits  the  same  strain  as  the  polyorystal  in 
whioh  it  Is  situated;  grains  do  not  change  partners 
during  deformation  by  homogeneous  flow.  By 
oontrast  in  the  superplastio  prooess  the  grains  or 
particles  of  the  alloy  flow  like  grains  of  sand  in 
an  hourglass.  Individual  grains  make  fluctuating 
changes  in  shape  so  as  to  prevent  the  formation  of 
voids  at  the  grain  boundaries.  But  even  after  very 
large  deformations  the  grains  do  not  elongate  and 
remain  more  or  less  in  the  same  equiaxed  state  as 
at  the  beginning  of  deformation.  Instead  of 
deforming  the  grains  slide  over  one  another,  and  it 
is  this  process  of  heterogenous  straining  whioh 
causes  the  material  to  be  in  the  same  state  after  a 
large  deformation  as  It  was  initially.  As  there 
has  been  little  significant  change  in  state  there 
is  no  particular  reason  why  rupture  should 
supervene  even  after  very  large  extensions.  In 
many  fine-grained  single-phase  suporplastic  alloys 
the  deformation  prooess  is  very  simple.  It  seems 
to  Involve  sliding  at  the  grain  boundaries  by  the 
movement  of  grain  boundary  dislocations.  The 
formation  of  grain  boundary  voids  is  prevented  by 
the  oimb  of  boundary  dislocations  on  certain 
facets  of  the  grains.  Deposition  of  matter  onto 
the  dimbing  dislocations  permits  the  small  changes 
in  shape  that  are  needed  to  accommodate  mismatch  at 
the  boundaries  of  grains  that  are  translating 
relative  to  one  another. 

Langdon  quantifies  the  "fine  stable  grain  size"  requirement  as  "typically 
(but  not  necessarily)  less  than  about  10  pm  in  size"  [2.120]. 

Both  Glttus  and  Langdon  mention  an  often-referenced  expression  for 
superplastic  stress  o  as  the  product  of  a  constant  and  the  strain  rate 
e  raised  to  a  power  m  ("the  strain-rate  sensitivity"): 


e 


Ke 


m 


(2.30) 


Of  oourae  K  la  hot  a  constant  but  rathar  a  oca  pi  ax  function  which  lnoludes 
at  tha  vary  laaat  tha  temperature  dapandanoy.  In  any  avant  (30)  la 
equivalent  to  tha  power  law  from  oraep  technology  c  f(T,  . ..)on  where 
n-m"1 . 

A  more  general  superplastlolty  form  for  a  and  6  phaaaa  (exemplary  of 
brasa)  appears  In  tha  Olttua  review  well- referenced  to  Suery  [2.121,2.122]: 

.  «n  -Q./RT 

'  (2.31) 

Le 

Here  "A.  Is  a  constant";  La>  the  8-phase  grain  size;  Qn,  "the  aotlvatlon 

P  D  D 

energy  (apparent)";  and  other  symbols  are  aa  previously  noted.  The  global 
law  of  behavior  Is  then  written 

.  o"  -Q„/RT 

e  -  h(a)  —  e  8  (2.32) 

L* 

where  If  g(a)  (h(a))  Is  a  function  of  the  proportion  of  a  phase 

h(a)  -  ”  (2.33) 

For  Cu.Zn  alloys  with  58  to  6tf  Cu  and  volume  fractions  of  a  phase  from  i .24 
to  0.71  at  600°C  Gittus  modifies  (2.32)  yielding 

o  ,  -1 15*10(kJ  mole^K”1  )/RT 

e  »  h(a)(r— j  e  (2.3*0 

8  Le 

In  a  later  section  Gittus  proposes  a  "model  for  superplastic  deformation  of 
brass"  based  on  a  dislocation  climb  mechanism  controlled  by 
diffusion  a, 6  interfaces  rather  thdn  8  grain  boundaries  [2.121,2.122]: 
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(2.35) 


Her*  the  aubecrlpt  1  denotes  interf  aclal  diffusional  oharaot eristics. 

Equation  (2.35)  resembles  the  generalized  equations  for  creep  and  for 
grain- boundary  sliding.  Accordingly  Langdon  oonoludes  with  considerable 
referential  support,  "Microscopio  evidenoe  indicates  sane  intragranular 
dislocation  nativity  in  the  superplastio  region  II,  but  the  dominant 
deformation  mechanism  appears  to  be  p*ain  boundary  sliding."  He  tabulates 
and  plots  muoh  experimental  data  to  verify  his  viewpoint.  He  also  observes 
C2.123],  "It  is  now  firmly  established  that  superplastio  materials  exhibit 


very  high  elongations  to  failure  over  rather  limited  ranges  of  strain  rate 


_o  -2-1 

whioh  are  typically  in  the  vicinity  of  10  to  10  s  ,  and  there  is  a 


reduction  in  fracture  strains  at  both  lower  and  high  strain  rates."  In  a 
subsequent  paper  on  superplastic  flow  Langdon  states  (2.124),  "Within  region 
II  most  of  the  experimental  data  indicate  a  stress  exponent  (n)  close  to  2, 
an  exponent  (p)  of  the  inverse  s*aln  size  dose  to  2  and  a  activation  energy 


(Q)  close  to  the  value  for  grain  boundary  diffusion  Q  ."  So  eq.  (2.35) 

S  0 


appears  prototypically  reasonable  in  form  and  numbers  as  a  description  of 
the  superplastic  manifestation  of  grain- boundary  sliding. 


2.9  COUNTERACTING  CREEP 

Perhaps  the  most  obvious  and  possibly  the  most  difficult  method  to 
reduce  creep  is  through  the  use  of  thermomechanically  critical  elements  each 
constructed  entirely  of  a  single  crystal.  Of  course  such  monocrystalline 
entities  should  operate  with  their  minimum-creep  directions  aligned  with  the 
maximun  stress  —  taking  advantage  of  their  morphological  anisotropy.  An 
example  of  this  application  occurs  in  turbine  blades  produced  as  single 
crystals. 
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Another  approaoh  to  daoraaaa  oreep  involves  utilization  of  materials 
with  high  malting  points.  This  too  is  quite  obvious  because  of  the  use  of 
homologous  temperatures  (T/T  )  in  the  general  descriptions  of  oreep  and 
solid-diffusion  phenomena.  Many  papers  on  hi gh- temperature  deformation 
begin  with  a  phrase  suoh  as  "typically  at  or  above  about  0.5TB  where  Tffl  is 
the  absolute  melting  point"  [2.47].  Thus  among  the  high-melting  metals  W 
(T  -  3653K)  and  Re  (T  -  3453K)  excel  as  anti  creep  prospects. 

OB  m 

Apparently  the  basic  bonding  configuration  of  W  as  well  as  Mo  and  Cr 
also  contributes  to  creep  resistance:  Transition  metals  especially  those  of 
the  VI-A  group  combine  usual  metallic  interatomic  bonds  with  covalent 
components  [2.1  1,2.  125,2.  126].  And  covalent  bonding  greatly  impedes 
dislocation  motion,  substantially  enhancing  creep  resistance.  Some 
speculate  dubitably  that  this  facet  of  VI-A  metals  may  increase  brittleness 
though  either  Inherent  covalent  characteristics  or  heightened  susceptibility 
to  impurity  effects  [2.11].  In  any  event  the  nature  of  interatomic  bonding 
is  Important  in  counteracting  oreep. 

In  this  same  vein  a  high  activation  energy  for  self- diffusion  is  of 
course  effective  in  opposing  creep  through  the  inhibition  of  diffusional 
capabilities  —  reduction  of  self-diffusion  coefficients.  Apparently  W 
exhibits  the  highest  activation  energies  for  lattice  and  grain- boundary 
s el f- di f f us i on  of  all  metals  [2.74,2.127].  So  in  a  general 
thermophysl cochemical  sense  W  and  W  alloys  appear  to  offer  maximum  metallic 
creep  resistance. 

Much  more  generally  solute,  precipitation  and  dispersion  strengthening 
effects  fortify  creep  resistance  and  often  improve  ductility  while  opposing 
recrystallization.  Solute  atoms  that  concentrate  at  dislocations  drag 
against  movements  suoh  as  climb  and  glide  and  thereby  reduce  creep.  Defect 
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atoms  with  high  lntsraotion  energies  are  particularly  effective  in  this 
role.  Solutes  that  cause  greatest  alterations  In  lattice  parameters  and 
shear  moduli  per  fractional  gram-atom  addition  are  the  most  effective 
solution  strengthened  in  general. 

preolpitation  strengthening  with  considerably  less  than  one  percent  of 
HfC  in  W  ultr alloys,  solution  strengthened  by  a  few,  several  or  more  percent 
Re,  is  the  subjeot  of  many  of  the  references  oited  in  the  introductory 
section.  HfC  is  a  very  stable  .extremely  high-melting  O4100K  precipitate. 
Precipitating  such  oohersnt  particles  from  molten  solutions  into  very-low- 
solubllity  states  within  the  solldif ied-alloy  matrix  strengthens  in 
particular  through  increased  opposition  to  movements  of  dislocations  and 
grain  boundaries.  However  precipitates  generally  decrease  in  effectiveness 
as  they  approach  their  solvi.  Therefore  very  high  solvus  temperatures,  very 
low  solubilities  and  very  small  component  dlffusional  tendencies  are 
desirable  for  materials  providing  precipitation  strengthening. 

A  similar  approach  with  hi gher- temperature  capabilities  relies  on 
dispersion  strengthening  with  fine  well- di stri but ed  particles  of  strong 
high-melting  essentially  insoluble  materials.  Excellent  examples  are  ThOa 
in  W  and  W,Re  alloys  which  are  also  referenced  repeatedly  in  the 
introductory  section:  "The  dispersed  phase  commonly  used  with  tungsten  is 
thorium  dioxide,  which  thermo  dynamically  is  the  most  stable  oxide"  [2.128] 
and  "has  a  melting  point  of  3300°C  which  is  the  highest  of  all  oxides" 
[2.129].  Such  particle  dispersions  reduce  mobilities  of  grain  boundaries, 
subboundaries  and  dislocations  —  decreasing  creep,  increasing  ductility  and 
raiding  recrystallization  temperatures.  But  dispersing  these  particles 
effectively  is  a  problem.  Of  course  dispersoid  size,  spacing, 
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oonoentration,  stability  and  other  variables  of  miorostructural  and  chemical 
interactions  influence  creep- inhibiting  capabilities  r 2  1 30 ] . 

Conversion  of  deleterious  segregated  impurities  to  productive  separate 
phases  through  in  situ  reactions  with  micro-alloying  agents  offers  a  very 
premising  approach  to  creep  inhibition  [2.69.2.130].  For  example  an  imaging 
atom  probe  reveals  that  0  in  commercial  Mo  drops  from  -2a/ o  at  the  grain 
boundaries  to  several  ppm  about  1  nm  into  the  grains  [2.69.2.70].  Such 
segregation  also  occurs  with  C  in  metals  [2.70].  And  in  may  cases  overall 
concentrations  of  these  impurities  measure  only  ten  of  parts  per  million  — 
but  can  exceed  100  ppm.  Effects  of  these  micro-impuri ti es  are  often 
profound;  Exempli  gratia,  the  most  embrittling  "interstitial"  for  VI-A 
metals  (W,  Mo  and  Cr)  is  C,  then  0,  next  N  and  finally  H  [2.71].  The  order 
reverses  for  VA  metals  (Ta,  Nb  and  V).  And  numerous  references  indicate 
that  interstitial- impurity  levels  of  C  or  0  in  V  or  Mo  effect  substantial 
property  alterations.  But  very  small  additions  of  pure  Th  and/or  Hf  should 
"getter"  segregated  0  and  C  resulting  in  the  "formation  of  a  separate  phase 
with  one  or  more  of  the  alloying  agents.  The  phase  may  be  uniformly 
distributed  In  the  grains  (not  in  this  case)  or  preferentially  nucleated  at 
dislocations,  grain  boundaries  or  Interphase  interfaces"  [2.69].  So  micro¬ 
alloying  of  this  type  can  convert  harmfully  segregated  impurities  into  fine 
stable  high-melting  dispersions  strategically  located  to  counteract  creep, 
inhibit  recrystallization  and  yet  improve  ductility. 

This  method  may  also  be  effective  in  suppression  of  cavity  nucleation. 
Argon  indicates  [2.55],  "Uniformly  larger  area  fractions  of  particles  on  all 
grain  boundaries,  i.e.  reduced  i/p  (particle  spacing-to-size)  ratios  lower 
the  stress  concentration  and  should  retard  cavity  formation  —  provided  that 
all  boundaries  are  uniformly  and  densely  covered  with  particles.  Since 


there  ia  little  current  Understanding  on  how  to  govern  such  uniform 
precipitation  of  hard  spheres  along  grain  boundaries,  this  possibility 
appears  difficult  to  achieve. "  Of  course  the  preceding  paragraph  proposes 
such  a  particle  distribution. 

Thus  this  section  discusses  mechanisms  for  counteracting- not  only  creep 
—  but  also  intergranular  cavitation. 


y.y, 


2.10  AN  APPROACH  TO  DECREASED  CREEP 


Space-power  growth  aims  at  continuously  increasing  temperature  levels 
that  will  eventually  surmount  the  asymptotic  capabilities  of  ultimate 
materials.  Therefore  alloys  that  oirounscribe  the  greatest  potentialities 
of  metallic  combinations  to  serve  in  apace  will  eventuate  —  better  sooner 
than  later  and  rather  here  than  there. 

The  ultimate  refractory  metal  for  apace  applications  is  W:  It  offers 
the  highest  metallic  melting  point,  the  highest  recrystallization 
temperature,  the  highest  self-diffusion  activation  energies,  partially 
covalent  bonding,  the  lowest  vapor  press  ire. .  .and  great  high-temperature 
strength.  Some  point  ;;o  the  higher  W  density  as  a  detriment.  But  its  much 
greater  strengths  enable  W  to  meet  stress  requirements  at  high  temperatures 
with  less  weight  than  its  competitors.  In  general  arguing  rationally 
against  W  as  the  primary  space-ultralloy  component  is  difficult,  if  not 
impossible,  and  often  humorous. 

The  most  probable  secondary  metal  is  Re  —  not  only  because  of  the 
salubrious  "rhenium  effect"  in  W  but  also  because  it  approaches  W  in 
refractory  metallic  capabilities:  Re  is  the  next- highest-melting  metal, 
with  great  strength  and  a  very  low  vapor  pressure  —  comparable  with  that  of 
Ta.  Re  also  provides  a-phase  (~WRe)  precipitation  strengthening  as  well  as 
synergistic  solution  strengthening  in  W  [2.35].  Of  course  Re  also  raises 
the  recrystallization  temperature  of  W  and  improves  its  ductility 
considerably  especially  with  small  amount  of  a-phase  precipitation. 

In  addition  to  Re  solution  effects  HfC  precipitation  strengthening  and 
ThOa  dispersion  strengthening  separately  are  well  known.  They  too  increase 
W  and  W, Re-alloy  recrystallization  temperatures  and  ductility.  And  their 
synergistic  effects  warrant  intensive  investigation.  But  the  use  of  pure  Th 


and/or  Hf  in  nearly  stoiohiametrio  mounts  to  convert  deleterious  segregated 
0  and  C  in  W,Re  alloys  into  productive  separate  phases  "preferentially 
nucleated  at  dislocations,  grain  boundaries  or  interphase  interfaces" 
requires  Immediate  attention  [2.32  to  2.35  and  2.130]. 

In  powdered  metallurgical  methods  very  small  quantities  of 
comparatively  low-melting  (1960K)  Th  (and/or  Hf  2400K  or  Zr  2130K)  might 
serve  to  chemically  activate  sintering  of  W,  Re  powders  at  greatly  reduoed 
temperatures.  During  the  sintering  process  the  Th  (and/or  Hf  or  Zr)  film 
would  tend  to  spread  over  the  W,  Re-particle  surfaces  with  their  segregated 
0  and  C  because  of  their  great  mutual  affinities.  [2.31  to  2.35  and  2.130], 
And  for  the  same  reason  of  coirse  the  distributed  Th  (and/or  Hf  or  Zr)  would 
tend  to  getter  these  embrittling  superficial  impurities  and  deposit  them  in 
very  refractory  separate- phase  particles  "preferentially  nucleated  at 
dislocations,  grain  boundaries  or  Interphase  interfaces."  Simultaneously, 
"gathering"  grain- boundary-segregated  and  reacted  0  and  C  from  the  W 
particles  should  liberate  W  metal  from  superficial  oxide  and  carbide 
compounds,  increase  its  Intergranular  transport  and  thereby  enhance  its 
propensities  to  sinter  (Balluffl,  Coble...).  But  the  resulting  very 
refractory  Th  (and/or  Hf  or  Zr)  oxide  and  carbide  particles  should  also 
strongly  inhibit  undesirable  grain  growth. 

These  mechanisms  are  of  course  not  those  proposed  for  conventional 
chemically  activated  sintering  postulated  for  the  simple  model  of  a  pure 
activator  (Ni,  Pd,  Pt...)  Interacting  predominantly  intergranularly  with 
pure-refractory-metal  particles  [2.131  to  2.138].  Based  on  this  practically 
unattainable  idealization  "the  electron  concentration  concept  predicts  the 
transition  metals  with  nearly  complete  d  electron  subshells  (i.e.,  Hi,  Pd 
and  Pt  (8,  10  and  9  electrons  out  of  10  maximally))  to  be  better  sintering 


activators"  [2.131,  2.132).  Meohanistioally  "motivated  sintering  of 
refractory  metals  with  certain  transition  metal  additives  oooura  beoause  the 
additive  lowers  the  energy  barrier  for  refraotory  atom  transport.  The  lower 
activation  energy  results  In  Increased  diffusion  of  the  refraotory  metal 
through  the  additive.  The  additive  remains  segregated  at  the  parti  el e- 
particle  oontaot  points  beoause  of  the  unipolar  solubility  relationship. 
That  Is  the  refraotory  soetal  is  soluble  in  the  additive,  but  the  additive  is 
relatively  insoluble  in  the  refraotory  metal.  The  segregated  lower  melting 
additive  provides  a  rapid  short-oircuit  mass  transport  path  throughout  the 
sintering  process"  [2.1373. 

This  Isolated  idealized  refractory- metal ,  act!  vat  or- metal  relationship 
certainly  simplifies  theoretic  considerations  and  provides  heuristic  value. 
But  W  powder  used  in  supporting  experiments  contained  73  ppm  C,  180  ppm  N 
and  2090  ppm  0  [2.132];  a  later  Mo  powder  contained  18  ppm  C  and  1258  ppm  0. 
For  such  impurities  extreme  grain- boundary  segregation  is  probable  as 
discussed  in  "Diffusion  Effects  in  High-Temperature  Creep."  Also  there  the 
"strong  influences  of  fractions  of  an  atomic  percent"  of  additives, 
impurities  and  reaction  products  on  thermophysicocheoical  properties  of 
refractory  alleys  received  brief  but  emphatic  attention  [2.61,2.68  to  2.72, 
2.130]. 

Apparently  segregated  impurities  and  micro- alloying  agents  deserve  if 
not  demand  at  least  as  much  attention  as  pure  refractory-metal,  activator- 
metal  combinations.  In  fact  P,  S,  Cu  and  even  Hi  "segregation  to  interphase 
boundaries  in  liquid-phase  sintered  tungsten  alloys"  not  only  affect  the 
sintering  process  impressively  but  also  weaken  the  resulting  W,  Ni,  Cu  and 
W,  Ni,  Fe  compactions  [2.139].  So  although  Th  (and/or  Hf  or  Zr)  fail  to 
meet  the  pure-metal  requirements  of  "nearly  complete  d  electron  subehells" 


(two  d  electrons  each)  end  "of  the  unipolar  solubility  relationship,"  they 
offer  solutions  to  some  very  praotioal  problems:  They  getter  the  boundary 
segregated  and  reacted  0,  C  and  other  impurities  that  separate  the  nearly 
pure  refraotory  metal  from  any  aotivator  metal.  And  they  provide 
interfaeially  dispersed  stable  refraotory-oanpound  preoipitates. 

Amounts  of  segregated  0  and  C  to  reaot  with  appropriately  adjusted 
quantities  of  Th  (and/or  Hf  or  Zr)  might  be  varied  in  original  melt 
compositions  [2.72]  or  by  ohemisorptlon  on  parti olea  prior  to  sintering 
[2.140,2.141].  Suitable  levels  for  truly  effloient  dispersion  improvements 
are  usually  fraotions  of  an  atemio  percent.  Th  (and/or  Hf  or  Zr)  reaction 
with  0  and  C  at  very  low  concentrations  in  W, Re-alloy  melts  with  subsequent 
precipitation  is  also  a  possibility.  But  of  course  the  muoh  higher 
vaporization  tendencies  of  the  mloro-*alloying  agents  compared  with  those  of 
W  and  Re  present  a  problem.  Finally  if  these  localized  reaction  techniques 
fall  short  of  optimum  ThO,  and  HfC  requirements  for  W,  Re,  additive 
ultralloys,  conventional  addition  methods  can  make  up  the  differences.  But 
such  adjustments  add  to  improvements  already  effected  by  getterlng 
deleterious  impurities  and  strategically  dispersing  them  through  micro- 
alloying  with  Th  (and/or  Hf  or  Zr). 

Thus,  compared  with  relatively  inefficient  random  dispersion  methods , 
the  preceding  highly  specific  approach  to  removing  a  problem  and  replacing 
it  with  an  asset  —  at  the  desired  location  [2.55]  —  deserves  firther 
investigation.  This  is  particularly  true  when  the  solution  premises  not 
only  decreased  creep  for  increased  space  power  but  also  greater  ductility 
and  recryatallization  resistance  as  well  as  improved  powder-metallurgy 
processing. 
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III.  MATERIAL  PROBLEMS  FOR  HICH-TEMPERATURE ,  HIGH-POWER  SPACE-CONVERSION 
SYSTEMS  —  TABLES. 

A  presentation  in  table  form  points  out  some  specific  oonoerns  for 
hi  gh- temperature  application,  especially  regarding  ductility  and 
recryatalli zation. 
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IV.  TUNGSTEN,  RHENIUM  ADDITIVE  ALLOTS  FOR  HIGH  TEMPERATURE  SPACE 
APPLICATIONS. 

4.1  ABSTRACT 

Some  of  the  prim  try  needs  for  oruoial  future  space  applications  are 
increasing  power  levels  and  densities.  Refractory,  additive  alloys  of 
ultimate  thermal  capabilities  premise  to  provide  those  increasing  power 
levels  and  densities.  The  high  temperatures  possiole  with -such  ultralloys 
enable  greater  heat  rejection,  hence  lighter,  denser,  more  mobile  space 
systems.  Great  creep  strengths,  minimal  vaporization  rates,  high 
reorystalllzatlon  temperatures,  substantial  conductivity,  fabrloability, 
serviceability  and  ductility  are  prime  requisites.  The  most  refractory 
element,  tungsten  (W )  would  be  the  obvious  choice  but  brittleness  impedes 
progress  with  this  super  metal.  However,  in  combination  with  rhenium  (Re) 
as  well  as  very  lew  concentrations  of  hafnium  carbide  (HfC)  and  thoria 
(ThOa),  W  becomes  fabricable,  ductile  even  after  welding  and  improves  in 
resistance  to  oreep  and  recrystallization.  W,  Re  combinations  exhibit 
local  duotllity  maxima  at  about  3S  Re  and  at  about  Re.  ThOt  and  HfC 

additions  in  the  order  of  1  and  0.3J  respectively,  firther  heighten  W,  Re 
ductilities,  creep  strengths  and  recrystallization  temperatures. 

We  propose  to  investigate  these  ultralloys  by  standard 
characterization,  metallographlc  and  strength  of  materials  procedures  as 
well  as  by  sophisticated  and  accurate  high  temperature  methods  such  as 
thermionic  emission  and  high  temperature,  high  vacuum  mechanical  testing. 
Some  anticipated  advancements  appear  possible  with  W ,  Re,  ThOa,  HfC  alloys 
for  high  temperature  space  applications. 
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4.2  INTRODUCTION 

There  are  a  variety  of  potential  missions,  such  as  spaoe  baaed 
manufacturing,  high  oapacity  oooauni cations,  outer  planetary  orbitera  and 
lunar  and  planetary  bases  that  appear  to  demand  compact  high  power,  very 
long  life  power  unita  whioh  are  independent  of  sunlight.  In  general,  the 
most  intensive  energy  processing  in  any  spacecraft  occurs  in  the  source  and 
conversion  systems  for  primary  spaoe  power.  There,  higher  temperatures 
translate  into  less  weight,  greater  capability  and  increased  mobility 
essential,  particularly  in  military  missions. 

1.2. 1  Projected  space  requirements  for  high  temperature  materials 

Cohen  [4.1]  presents  a  tabulation  of  potential  high  power  requirements 
for  the  United  States  national  defense.  For  space  based  systems,  high  power 
levels  must  be  achieved  at  significantly  higher  values  of  specific  power 
(W/kg)  and  energy  (W-Hr/kg)  than  are  presently  available  to  satisfy  defense 
needs  for  survivability.  Table  4.1  gives  a  list  of  the  potential  high  power 
requirements . 

The  Soviet  development  of  Space  Nuclear  Reaators  [4.2]  (SNR's)  aims  at 
military  goals.  The  USSR-SNR  program  is  aimed  at  achieving  prime  power 
sotrcas  at  Megawatt  levels  and  beyond  and  quite  obviously  the  US-SNR  program 

t 

is  also  expected  to  follow  suit  and  develop  these  high  energy  source  systems 
for  defense  utilization.  The  SP-100  program  [4.3]  contemplates  the 
advantages  of  the  demonstrated  technology  accumulation  for  in-oore 
Thermionic  Energy  Conversion  (IC-TEC)  in  the  selection  of  an  appropriate  SNR 
[4.4]  approach.  Such  ourrent  and  prospective  developments  of  high 
temperature,  high  power  spaoe  energy  conversion  systems  pose  critical 
material  problems. 
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Accordingly,  ultimate  alloys  ar«  extremely  important  and  almost 
mandatory  for  future  orbital  pour  systems  teohnology  requirements  [4.5]. 
If  there  is  a  single  general  trend  that  applies  to  the  various  combinations 
of  heat  sources  and  conversion  methods,  it  is  the  one  toward  higher  source 
temperature  and  higher  sink  temperature  and  consequently  lighter  weight 
systems.  Higher  souroes  and  sink  tesperatures  means  developing  materials 
with  superior  properties  at  high  tanpeatures  and  for  this,  high  temperature 
materials  data  is  of  prime  importance.  This  emphasizes  anticipating  and 
solving  material  problems  for  high  temperature  space  applications. 


4.2.2  Characteristics  of  ultimate  space  materials 

At  high  temperatures,  ceramic  materials  become  more  electrically 

conductive  and  this  precludes  their  effective  use  to  transfer  heat  to  energy 

3 

converters  while  blocking  electric  transport.  Even  when  solid  insulators 
function  adequately  at  high  temperatures,  their  comparitlve  mechanical 
Intransigence  limits  the  f abrlcability  and  service  adaptability.  Thus 
refractory  alloys  must  in  general  accomodate  ceramics  as  well  as  themselves 
to  system  fabrication  and  service  requirements .  However,  refractory  alloys 
suffer  from  ductility  deficiencies  and  recrystallization  effects.  Other 
complications  arise  from  intensified  influences  of  high  temperatures  and 


hard  vacuum  on  strength,  creep,  diffusion,  segregation,  chemical  reaction, 
vaporization  and  other  thermophysical  phenomena. 

To  start  with,  we  can  examine  the  highest  melting,  least  vaporizing 
metals  listed  in  Table  4.2. 
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ATOMIC  MATERIAL  APPROXIMATE  APPROXIMATE  VAPOR 

NUMBER  (SYMBOL)  MELTING  POINT, °K  PRESSURE  AT  2000<>K,TORR 
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4. 2. 2.1  The  primary  components ,  tungsten  and  rhenium 

Tungsten  is  the  noat  refractory  metal.  Iridium  and  rhenium  added  to 
tungsten  lnorease  Its  ductility,  strength  and  resistance  to  oreep  and 
recrystalllzatlon,  as  will  be  seen  later. 

Tungsten  is  a  body  centered  oublo  element  with  a  2000°K  vapor  pressure 

of  4  x  10” 12  torr  and  a  melting  point  of  36S3*K.  Its  ductile  to  brittle 

# 

transition  occurs  well  above  room  temperature  and  it  begins  to  recrystalllze 
below  40$  of  its  melting  point  which  further  complicates  manufacturung  and 
service.  Even  today,  brittleness  and  difficult  f abrioabillty  often 
overshadow  the  peerless  high  temperature  properties  of  w. 

Rhenium  strengths  apparently  are  the  only  ones  among  the  metals  to 

•  approach  or  exceed  those  of  W.  However,  in  contrast  to  tungsten,  ductile 
rhenlun  results  from  vacuum  annealing.  But  rhenium  exhibits  extremely  high 
work  hardenability  with  very  little  deformation,  often  requiring  repeated 

•  vacuum  annealing  during  fabrication. 

W-Re,  W-Ru,  W~Hf,  W-Hf-C  and  WB  were  some  of  the  alloy  systems 
investigated  by  General  Electric  Company  [4.6]  for  their  flow  and  fraoture 
0  be ha \ 'or  at  various  temperatures.  Each  of  the  alloys  was  initially  prepared 

by  a  vacuum  melting  and  was  then  extruded  and  rolled  to  a  sheet  metarial  for 
subsequent  mechanical  property  evaluations.  The  most  significant  finding 
0  from  the  property  studies  was  the  exceptional  combination  of  strength  end 

ductility  shown  by  a  w~27$Re  alloy  with  same  signs  phase  present  in  the  as 
rolled  structure .  The  solubility  of  rhenium  in  tungsten  is  about  26%  as 
0  shown  in  Figure  4.1.  The  dbt  temperature  for  this  alloy  in  either  the 

wrought  or  fine-grained  recrystallized  condition  was  about  ~100°F  and  the 
corresponding  yield  strength  was  approximately  400,000  pal.  Thus  Re 
f* 

C 


solution  strengthening  with  r- phase  preoipltation  strengthening  greatly 
improves  the  overall  fabrication  and  service  characteristics  of  W. 

J.  R.  Stephens  [4.7]  and  W.  R.  Wltzke  investigated  the  effects  of 
temperature  and  composition  on  alloy  softening  in  the  Group  VIA  metals  Cr, 
Mo  and  W  alloyed  with  Re.  They  made  hardness  measurements  at  various 
temperatures  for  fourteen  alloys  in  each  system.  Their  results  showed  that 
alloy  softening  was  similar  In  all  three  alloy  systems  and  oocured  at  Re 
concentrations  of  less  than  16  at*.  A  sharp  temperature  dependence  of 
hardness  was  observed  in  concentrated  alloys  that  exhibited  alloy  softening. 
The  results  for  W-Re  are  shown  in  Figure  4.2  a  and  0. 

In  fact,  the  softening  of  tungsten  with  rhenium  was  established  as 

early  as  1959  by  K.  Sedlatschek  [4.8]  and  H.  Braun.  Figure  4.3a  indicates 

« 

that  crsolld  solution  alloys  with  25  to  30*  Re  are  more  ductile  at  1000°C 
than  pure  tungsten  or  tungsten  with  lower  percentages  of  rhenium.  Figure 
4.3b  shows  the  relationship  between  cold  ductility  and  rhenium  content  for 
W-Re  alloys.  This  curve  shows  a  maximum  ductility  at  30*  rhenlun.  They 
also  found  that  the  high  temperature  hardness  of  W-Re  alloys  was  excellent 
compared  to  that  of  W  which  deteriorates  rapidly  with  temperature. 

The  softening  of  tungsten  when  alloyed  with  rhenium  was  clearly 
exhibited  when  A.  V.  Longunov  [4.9]  and  Kovalev  investigated  the 
themiophysical  properties  of  W-Re  cast  alloys.  They  found  that  the  thermal 
oonductlvity  of  the  alloy  was  lower  than  that  of  pure  W  as  shown  in  Figure 
4.4  at  all  temperatures  and  this  was  attributed  to  the  softening  of  the 
parent  material. 

An  atomic-resolution  study  of  homogeneous  radiation-induced 
precipitation  in  a  neutron  irradiated  W-10*Re  alloy,  at  Cornell  University 
in  1983  revealed  that  there  was  a  significant  alteration  of  the 
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Fig.  4.2a  Hardness  dependence  of  H  on  Fig.  4,2b  Hardness  dependence 
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microstructure  of  this  alloy  as  £  result  of  the  fast  neutron  irradiation. 
Precipitates  with  a-phase  precipitation  in  core  promise  better  space  nuclear 
reactors  and  thermionic  energy  conversion  capacities. 

4. 2.2.2  The  additive  Th02 

Interstitial  impurities  generally  tend  to  diminish  ductility,  but  some 
of  them  car  produce  beneficially  dispersed  refractory  products  through 
reactions  with  low  pressure  vapor  getters  such  as  thorium  and  hafnium. 
Thorium  is  the  best  getter  for  oxygen.  The  proposal  of  adding  ThOa  toW,  Re 
alloys  was  initiated  when  it  was  found  that  the  unactivated  ThQa  had  work 
functions  of  6.3  eV  bare  and  1.0  eV  cesiated.  Great  gains  in  ductility,  hot 
strength  and  r.ecrys  tall  i  zati  on  resistance  for  ThOa  additions  to  W,  Re 
ultralloys  have  already  received  attention.  Particle  dispersions  strongly 
influence  mobilities  of  grain  boundaries  and  subboundaries,  redistribution 
of  dislocation  and  other  effects  that  affect  the  formation  of 
recrystallization  nuclei  and  initial  growth.  Thus  dispersed  particles  such 
as  ThOa  change  recrystallization  temperatures  as  complex  functions  of  the 
dispersed  size ,  spacing,  concentration ,  staoilty  and  other  variables  of 
mi  crostructur al  interaction.  As  shown  in  Fig.  4.5  [4.10]  ThOa  is  a  very 
stable  oxide  which  has  a  melting  point  of  3300°C.  Thoriated  tungsten  is 
generally  obtained  by  flashing  a  W  filament  containing  0.5-1 .5%  ThOa  at  a 
high  temperature  (270CaK),  which  reduces  some  of  the  oxide  to  metallic 
thorium.  This  is  then  followed  by  heating  at  2100-2200°K,  thus  causing 
diffusion  of  thoriun  to  the  surface  whare  it  forms  a  monatomic  layer  which 
possesses  much  higher  electron  emission  than  pure  W.  At  temperatures  above 
2000 °K  the  thorium  evaporates  at  a  rate  which  exceeds  that  of  diffusion  to 
the  surface  with  a  resultant  decrease  in  eletron  emissivity. 
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A  DMIC  report  oompiled  by  V.  D.  Barth  [4.11]  illustrates  the 
strengthening  of  tungsten  wire  by  ThOa.  The  effeot  of  ThO,  addition  is 
already  seen  in  Fig.  4.6,  a  plot  of  ultimate  tensile  strength  vs. 
temperature.  Two  peroent  of  ThOa  was  found  to  inorease  the  elevated 
temperature  yield  strength  to  41,000  psi  from  an  original  value  of  11,000 
psl  and  the  UTS  from  22,000  psi  to  42,000  pal. 

H.  G.  Sell  [4.12]  and  R.  Stiokler  evaluated  W-5Re~2ThOa  alloys  in 
regard  to  solid  solution  and  dispersion  strengthening.  They  determined  the 
effect  of  Re  and  ThOa  dispersion  in  V,  on  the  DBTT  and  modes  of  fracture. 
The  mooulmun  tanperature  at  whioh  the  testing  was  done  was  10C0°C.  The 
results  are  shown  in  Fig.  4.7.  They  found  that  Re  concentrations  from  3  to 
10$  in  solid  solution  significantly  strengthens  W,  increasingly,  with 
increasing  Re  concentration.  The  coarse  ThOx  dispersion  did  not  retard 
recrystallization,  and  adds  considerably  to  the  strength  of  W-Re  alloys  by 
grain  refinement.  ThOa  addition  effected  increases  of  "4000  psi  on  W-Re 
alloys . 

Figure  4.8  [4.13]  shows  the  change  in  microstructure  of  a  pure  tungsten 
filament  heated  by  alternating  cirrent.  When  large  grains  extending  across 
the  filaments  develop,  the  filaments  become  very  brittle  and  break  apart 
under  the  stresses  produced  by  the  thermal  expansion  on  heating  and  cooling. 
Consequently,  second  phase  particles  of  thoria  are  doped  into  the  tungsten 
to  limit  this  grain  growth.  The  effectiveness  of  a  small  amount  of  ThOa  in 
limiting  grain  growth  in  tungsten  is  illustrated  in  Fig.  4.9. 

Given  that  the  thoria  particles  are  randomly  distributed,  if  volume 
fraction  of  thoria  particles  *  f  and  radius  of  thoria  particles  «  r,  the 
numb*"  of  particles  intercepted  by  1cma  area  -  3f/2wra  (4.1).  Force 
restraining  grain  boundary  motion  -  3firrY(1+cosa)  (4.2). 
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4*6  Strengthening  of  tungsten  wires  with  ThO,. 
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rig.  4.9.  Tungsten  rods  annealed 
a*  2700*0  for  2  »t8.a)Fure, 
b)0.75%  ThOg  added, . 100X. 
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When  the  force  balances  the  pressure  foroe  due  to  curvature,  grain 
growth  will  atop  and  wa  will  gat  a  1  ini  ting  grain  aiza  gl  van  by 

4r 

*  ■  ymoowi  (,-3) 

assuming  apharioal  intarfaoaa  of  radius  R.  Thus  va  aaa  that  the  limiting 
grain  aiaa  depends  upon  tha  voluaa  fraction,  tha  radius  and  the  oontaot 
angle  a  of  the  second  phase  partial  as. 

<(.2.2.3  The  additive  HfC 

Hafnium  is  an  excellent  getter  for  carbon  in  H,  Re  alloys,  impressive 
Increases  in  ductility,  hot  strength  and  recrystallization  resistance  have 
bean  found  for  HfC  dispersed  W,  Re  ultralioys.  The  noted  Soviet  refractory 
alloy  expert  Savitsky  has  oamaanted  that  HfC  formation  in  W  alloys  radically 
shifts  the  onset  of  structural  changes  upon  recrystallization  into  the  hltfi 
temperature  region.  In  addition  to  this,  HfC  in  W  alloys  Is 
thermodynamically  very  stable.  Hf  and  C  solubilities  in  W  are  lew  and  so 
grain  boundary  segregation  might  be  expected.  But  through  appropriate 
alcroalloylng,  reaotlon  of  grain- boundary  segregated  C  and  Hf  should  be 
advantageous  rather  than  detrimental. 

J.  Wadsworth  [4. it]  examined  the  behavior  of  molybdenum  and  tungsten 
based  alloys  which  are  strengthened  by  hafnliai  carbide.  He  established,  by 
calculating  the  amounts  of  hafnluz  carbide  available  for  precipitation  in 
the  molybdenum  and  tungsten  based  alloys,  it  was  possible  to  demonstrate 
that  exoess  hafnium  does  not  have  a  "solute- weakening*  effect  as  had  been 
claimed.  Instead,  a  trend  of  improved  creep  strength  and  high  temperature 
tensile  strength  with  an  increase  in  the  amount  of  HfC  available  for 
precipitation  was,  observed. 
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Spaoe  nuolear  reactor  growth  based  on  In  oore  thermionic  energy 
conversion  requires  substantially  improved  TEC  and  considerably  higher 
temperatures  than  those  presently  proposed.  This  is  only  possible  through 
the  use  of  W,  Re  ultralloya  withThO,  and  HfC.  W-3Re^1ThO,-0.3HfC  ,  W-10Re~ 
1Th0,-0.3HfC ,  W-25Re-1Th0,-0.3HfC  ,  W-30Re-1Th0a-03HfC ,  are  all  possible 
candidates  for  emitters  in  ICTEC  with  wide  potentialities.  Verification  of 
suoh  potentialities  should  derive  from  researoh  related  to  W,  Re,  additive 
ultralloya  presently  supported  by  the  Department  of  Energy  and  the  Air  Force 
at  Arizona  State  University. 

4.3  PROPOSED  RESEARCH  ON  TUNGSTEN,  RHENIUM  ADDITIVE  ALLOYS 

It  has  already  been  esablished  that  rhenlun  percentages  between  two  and 
five,  at  about  ten  and  near  twenty-five  in  tungsten  alloys  maximizes 
ductility  locally  and  tungsten,  25ft  rhenium  offers  higher  creep  strength 
than  tungsten  to  over  1600*C.  It  has  greater  ductility  and 
recrystallization  resistance.  Additions  of  thorla  and  hafnium  carbide  in 
the  order  of  1  and  0.3ft  respectively,  further  increase  creep  strengths, 
ductilities  and  recrystalllzatlon  tenperatures  of  tungsten,  rhenium  alloys. 
Thus,  parametric  evaluations  of  tungsten  with  3 »  10,  25  and  30ft  rhenium, 
each  in  turn  modified  with  one  percent  thorla  and  0.3ft  hafniun  carbide  will 
be  used  as  the  basis  for  the  research  work. 

Until  1975,  data  on  pure  W,  Re  alloys  prepared  by  powder  metallurgy 
were  lacking.  But  investigators  still  resorted  to  powder  metallurgy 
techniques  as  it  was  the  only  practical  method  of  producing  W  alloys 
containing  a  ThOt  dispersion.  Fusion  processes  such  as  electron-beam 
melting  or  arc  casting  would  be  beneficial  because  the  Impurity 
concentrations  in  such  alloys  are  low,  but  the  prohibitive  cost  and  the  fact 
that  ThOa  decomposes  at  the  melting  temperature  of  W  and  its  dilute  alloys. 


prevent  them  from  being  used  for  making  W,  Re,  ThO,,  HfC  alloys.  Further, 
sintered  samples  have  a  small  grain  size  and  this  reduoes  reoryatalllzation 
process as  with  the  surface  impurities  of  0k,  Nt,  and  C  forming  resistance  to 
diffusion  and  grain  growth.  As  a  result,  it  was  deoidad  that  wa  would 
investigate  sintered  samples  of  W  with  3,  10,  25  and  305  rhenium  in  the 
thermionic  miorosoope  and  meohanioal  testing  facility  and  follow  this  up 
with  identical  investigations  on  aaoh  of  the  above  mentioned  alloys  with  15 
ThO,  and  0.35  HfC  added  to  it. 

4.3.1  scientific  approach  to  the  res  each  problmn 

The  scientific  approach  to  the  research  will  be  to  develop  general 
theories  for  high  temperature  mat ei ala  for  producing  high  quality  and  long 
life.  Recrystallization,  ductility,  strength  vapor  pressures  work  function, 
compositional  stability  and  other  phenomena  will  be  considered  which  are 
vital  to  high  temperature  energy  converters.  Techniques  for  producing  and 
sustaining  the  desired  properties  will  be  investigated  from  a  miorosooplo, 
mechanistic  point  of  view  with  regard  to  the  desired  properties.  Limited 
theoretical  and  experimental  information  exists  for  such  systems  and  a 
typical  base  line  system  will  be  examined  in  order  to  test  the  theories  and 
models  developed. 

It  is  proposed  to  add  getters  to  reaot  with  the  0,  and  C  and  improve 
the  high  temperature  strength  and  ductility  through  the  combined  effects  of 
solid  solutions  and  dispersion  strengthening.  Reorystallization  is  the 
formation  and  miration  of  large  angle  boundaries  for  alloys  shown  in  Table 
4.2.  Most  of  these  approximate  thermal  boundaries  have  been  encountered  by 
those  who  work  with  high  temperature  alloys.  Recognition  of  these 
transitions  emphasizes  that  dlreot  and  side  effects  of  recrystallization 
exert  abstruse  Influences  on  strength,  creep,  compatibility  and  ductility  of 


Tab  s  Approximate  thermal  boundarlta  for  alloys 
(recryatalllsatlon) . 

Half  the  absolute  salting  point' (0.5TM)  often  ‘indicates 
Ineiplenoa  of  thexmally  activated  processes. 

Below  0.3Tk  to  0.4Tj|  short-range  (electronic,  stacking- 
fault,  local-order) interactions  generally  dominate. 
Longer-range  solute,  dislocation  interactions  continue 
their  influences  to  0.5Tjg  or  higher. 

Above  O.TSTjg  to  0.8TM  Increased  nobility  of  solute  atoms 
greatly  redueed  their  hindrance  of  dislocation  movement. 
Arrhenius  relations  for  grain-boundary  migration  velocit¬ 
ies  often  break  at  0.8TN  and  exhibit  much  lower  activation 
energies  In  the  higher-temperature  range. 
Refractory-dispersion  strengthening  generally  excels  for 
applications  of  alloys  near  their  melting  points. 
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refractory  alloys.  Ductility  and  reoryetallization  ara  often  critioal 
paraetars  in  the  capability  of  ultralloys  to  adapt  themselves  ad  car  am  lea 
to  fabrioation  and  servioe  requirements .  Thus  a  better  understanding  of 
refraotory  alloy  reorystall lzation,  la  a  crucially  essential  part  of 
overcoming  the  material  problems  for  high  temperature,  high  power  space 
energy  conversion  systems. 

4„3.2  Scientific  merits  of  the  proposed  research 

Significant  discrepancies  in  our  understanding  of  refractory  metal  and 
other  high  temperature  materials,  involving  such  behaviors  as  embrittlement , 
vaporization  and  recrystallization,  prohibit  mechanism  description  and 
counteraction  as  well  as  property  prediction  for  elemental  systems  suitable 
for  high  temperatures,  hence  higher  power  production  in  space  energy 
converters.  It  is  proposed  here  that  a  few  of  the  most  important  phenomena 
be  investigated.  Theories  and  models  will  be  developed  and  a  base  line 
material  system  will  be  used  for  examining  them.  The  base  line  will  be 
selected  with  the  best  present  knowledge  in  order  to  begin  to  establish 
relationships  between  the  basic  mechanisms,  alloying  getterlng  and  thermal 
history  in  predicting  subsequent  physical  property  behavior.  High 
temperature  phenomena  are  often  only  inferred  through  room  temperature 
observations  following  high  temperature  treatment.  The  proposed  work 

employs  real  time  investigation  of  high  temperature  surface  characteristics 

■ 

and  electron  emission  to  obtain  Information  on  complex  transport  and 
reaction  mechanisms. 

Seme  very  enlightening  information  should  result  from  observing  high 
temperature  size  and  surface  composition  changes  of  grains  In  sintered 
samples  of  W,  Re  with  appropriate  additions.  The  primary  additive  (rhenium) 
reduces  and  controls  embrittlement  and  recrystallization.  The  getterlng 


Additive  aay  affect  the  base  metal  duotility  and  reorystallization.  Since 
refractory  oxides  vaporize  and  disintegrate  at  high  temperatures  in  vacuum, 
sintered  samples  of  particles  with  and  without  bake-out  pre- treatment 
deserve  attention.  The  getters  should  produce  very  stable  oxides  and 
oarbides.  So  in  high  temperature,  vacuum  service,  the  refractory  should 
experience  contention  between  oxygen  and  nitrogen  olean-up  by  refractory 
oxide  and  nitride  vaporization  as  well  as  dislntlgration  and  by  the 
formation  of  stable  gettered  products. 

4.4  THERMIONIC  EMISSION  CHARACTERISTICS  AND  SURFACE  COMPOSITIONS  OF  W,  Re 

AND  W,  Re,  ThO,,  HfC  ALLOYS 

This  section  deals  with  the  information  on  the  research  to  be  conducted 
on  the  W,  Re  and  W,  Re,  ThO,,  HfC  alloys  using  a  thermionic  microscope  in 
order  to  obtain  the  thermionic  emission  characteristics  of  the  sintered 
samples.  The  theory  of  electron  emission  and  applications  of  the  microscope 
are  discussed  and  a  sequential  procedure  for  all  the  research  activities 
involved  has  been  established.  In  addition  to  the  research  using  the 
thermionic  microscope,  related  thermion! o  emission  research  activities  have 
also  been  mentioned. 

4.4.1  Introduction  to  Thermionic  Emission  Microscopy 

Thermion! c  emission  mi  oroscopy  is  the  oldest  form  of  electron 
microscopy  where  the  specimen  itself  serves  as  a  source  of  electrons. 
Electrons  emitted  from  the  surface  of  a  flat  bulk  specimen  is  focussed 
through  a  suitable  lens  system  and  then  projected  at  a  usable  magnification 
onto  a  floureaeent  screen.  The  result  is  a  metallographic  type  image  of  the 
kind  usually  associated  with  optical  microscopy.  The  design  and  operation 
of  a  thermionic  emission  microscope  requires  coordination  of  two  physical 
processes.  The  first  process  is  electron  emission  from  a  specimen,  while 
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the  second  Involves  the  formation  of  an  image  with  these  electrons.  The  two 
major  characteristics  that  exemplify  the  usefullness  of  the  thermio.-ic 
emission  microscope  as  a  Research  Tool  are)  a)  the  fact  that  it  represents  a 
magnification  range  which  bridges  that  between  optical  microscopy  and  the 
more  conventional  types  of  eleotron  microscopy,  and  b)  it  is  more  suited  to 
elevated  temperature  operation  than  othar  forms  of  microscopy. 

Specific  experimental  areas  [4.15]  where  the  theraionlc  emission 
microscope  can  be  readily  applied  as  a  useful  Research  Tool  are  indicated  in 
Table  4.4. 

4. 4. 1.1  Electron  emission 

The  Scmmerf  ield  model  for  the  behavior  of  electrons  in  a  metal  provides 
the  simplest  view  of  the  theory  of  operation  of  a  thermionic  emiasion 
microscope.  This  is  indicated  schematically  in  Fig.  4.10.  Here,  it  is  seen 
that  the  potential  within  the  metal  is  assumed  zero  while  that  outside  the 
metal  la  given  some  finite  value,  V.  According  to  this  model,  electrons  esn 
occupy  energy  states  within  the  metal  up  to  the  level  Ef,  the  Fermi  Energy. 
The  probability  that  a  particular  state  is  occupied  is  given  by  the  Fermi 
function, 

f(E)  ‘  expTTFgp7m TT  (4-4) 

! 

At  T  -  0°K ,  f (E)  -  +1  •  y  »  1  for  E  <  Ef.  This  means  that  all  quantum 
states  are  occupied  at  absolute  zero  while  all  quantum  states  at  energies 
greater  than  Ef  are  unoccupied. 
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Table  4.4  Applications  of  the  thermionic  emission  microscope. 

1.  High  temperatures  phase  transformations  in  metallic 
and  non-metallic  systems. 

2.  Grain  growth  occurring  at  elevated  temperatures  in 
metallic  and  non-metallic  systems. 

3.  Recrystallisation  in  those  systems  where  it  occurrs 
at  a  sufficiently  high  temperature. 

4.  Cold  work  in  the  refractory  metals,  such  as  tungsten, 
molybdenum  and  niobium. 

5.  Relative  interfacial  energy  studies  in  systems  where 
the  systems  are  in  equilibrium  at  elevated  temperatures. 

6.  Diffusion  studies  in  systems  at  elevated  temperatures. 

7.  Segregation  studies  in  cast  or  wrought  materials. 

8.  Surface  adsorption  of  gases  and  activator  atoms  on 
metallic  surfaces. 

9.  Sintering  mechanisms  in  powder  metallurgical  compacts. 

10.  Solidification  studies  lm  metals. 

11.  Oxidation  studies  of  metal  surfaces  under  controlled 
conditions. 

12.  Study  of  electron  emission  from  surfaces.  Also  work 
function  studies  of  different  crystal  orientations. 

13.  Cathode  studies  for  the  activation  process  in  coated 
cathodes. 

14.  Effect  of  strain  on  the  above  mentioned  phenomena. 

13.  Creep  in  metals  at  elevated  temperatures. 

16.  Study  of  the  distribution  of  inorganic  constituents 
within  the  cells  os  tissue. 
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4. 4. 1,2  Work  function 

The  energy  difference  between  the  Fermi  Energy  and  the  potential 
outside  of  the  metal  is  the  work  function  of  the  metal  $. 

Either  an  electron  absorbs  a  quantum  of  energy  or  it  does  not.  The 
energy  E  of  a  photon  is  proportional  to  the  frequency  v  of  the  light  or 

E  -  hv  (4.5) 

If  an  electron  is  given  an  amount  of  energy  hv,  then  in  order  tc  escape  from 
the  metal,  it  must  use  up  an  amount  e$  of  this  energy.  The  maximum  energy 
an  electron  can  have  left  after  it  gets  out  of  the  sir  face  is 


Knax 


(1.6) 


The  thermionic  emission  microscope  is  a  device  where  the  specimen  is  heated 
up  to  a  nigh  temperature  (at  least  1400°C)  by*  electron  bombardment  and  the 
electrons  given  out  by  the  surface  collected  by  a  Faraday  cage  by  the 
imposition  of  a  suitable  potential  difference.  The  Faraday  cage  current  can 
be  related  to  the  sample  electron  current  density  by  the  equation; 


(4.7) 


The  current  density  J0  can  then  be  used  to  calculate  the  effective  work 
function  $  from  the  well  known  Rlchardaon-Dushuan  equation 


J0  -  ATaexp[-*/kT] 


(4.8) 


A  derivation  of  this  equation  using  the  principles  of  Classical 
Thermodynamics,  has  been  presented  In  Appendix  4,1. 
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4.4.2  Objectives  of  the  ongoing  resear  oh  on  thermionic  emission 

a)  Fabricate  sintered  alloys  of  W  with  0$,  3 $,  10$,  25$,  and  30$  of  Re 
in  button  fora  of  about  0.4"  In  dia.  with  a  porosity  of  about  7  to 
8$. 

b)  Fabricate  sintered  alloys  In  the  above  form  and  hot  swage  it  down  to 
0.25"  dia.  to  reduce  the  porosity  to  less  than  0.1$. 

o)  Perform  thermionic  emission  microscope  examination  of  the  samples  In 
a)  &  b)  above  at  1600  to  2200°K  in  suitable  intervals, 
d)  For  each  test, 

1)  Observe  grain  size,  grain  growth  and  document  by  photographic 
enlargements. 

li)  Measure  emission  of  grains  in  the  thermionic  microscope  and 
calculate  the  work  function. 

ill)  Perform  emission  scans  of  surfaces  to  determine  work  function 
variation  from  grain  to  grain. 

Repeat  for  W,  Re,  ThOt,  HfC  alloys. 

4.4.3  Literature  survey 

E.  Elohen  [4.16],  who  has  spent  a  considerable  amount  of  time  in 
reviewing  the  work  done  on  Thermionic  emission,  has  compiled  a  lot  of  his 
findings  and  presented  the  information  in  a  tabular  form  indicating  the 
references  of  people  who  studied  the  emission  characteristics  of  materials 
ranging  frcm  aluminum  oxide  to  zirconium.  Up  to  this  time,  however,  most  of 
the  work  had  been  done  in  the  development  of  the  thermionic  emission 
microscope  as  a  metallurgical  research  tool.  Figures  4.11  and  4.12  are 
typical  emission  micrographs  of  an  iron  0.3$  carbon  alloy  at  800°C  and 
polycrystalline  alumina. 


A  typical  thermionic  energy  converter  schematic  [4.17]  is  shown  in  Fig. 
4.13,  and  Fig.  4.14  gives  the  perforaance  and  topping  temperatures  for 
thermionic  energy  conversion  with  30  A/oma,  10*  back  emission,  and 
negligible,  inter- elect  rode  loss. 

D.  Jacobson  [4.18],  thermally  stabilized  and  recrystallized  a 
polyorystalllne  molybdenum  sample.  Quantitative  measurements  of  the 

i 

emission  from  each  individual  grain  were  obtained  using  the  electron 
emission  miorosoope.  The  effective  work  function  of  each  grain  was 
calculated  and  the  crystallographio  orientation  of  each  grain  was  determined 
using  Laue  back  reflection  techniques.  A  polar  plot  of  the  effective  work 
function  vs.  crystallographic  orientation  is  shown  in  Fig.  4.15. 

The  effective  work  functions  of  nine  tungsten-base  alloys  were  measured 
by  D.L.  Jacobson  [4.19].  The  second  constituents  were:  1)  5*  Re,  2)  15* 
Re,  3)  2.5*  Os,  4)  5*  Os,- 5)  1*  Ir,  6)  2*  Ir,  7)  5*  Ta,  8)  10*  Ta,  and  9) 
20*  Ta.  Work  functions  were  determined  fran  the  vaoutm  emission  vehicle  and 
thermionic  eml salon  microscope  measurements.  Mosaics  of  each  surface  were 
produced  from  the  microscope,  which  show  the  grain  structure  of  the  alloys 
and  some  anamolous  emission  areas.  Some  exceptionally  high  base  work 
functions  were  observed  from  samples  with  small  alloy  additions.  Table  4.5 
gives  the  effective  work  functions  of  tungsten  alloy  electrodes  from  vacuum 
emission  vehicle  generated  Schottky  plots.  Fig.  4.16  is  a  typical  Sohottky 
plot  from  Vacuum  emission  vehicle  measurements.  Table  4.6  is  a  comparison 
of  effective  work  functions  as  determined  from  vacuum  emission  vehicle  and 
thermionic  emission  miorosoope  measurements. 

A.  Modinoa  [4.20],  a  mathematician  from  the  University  of  Waterloo, 
Canada,  presented  a  semi- empirical  theory  of  the  electronic  work  function  of 
the  different  faces  of  tungsten.  An  adjustable  parameter  relates  to  the 


i*.ic  wuwvw  /'  ra 


.'ma’w.v'v.  n*  .v^ir>inr 


109 


t  i 

•  rj 

O  CVJ 
BO  • 

o&. 

O  K\  • 

•H  •  X 

moo 

a  i  43 
•H  flv© 

8  e  • 
»  u  VI 


o 


A 

3  aS  O 
o  o 
•HVlO 

poo 

H  QQ 
a>  42 

^  o  o 
*> 


Pm 


I 

0) 

4-> 

O 

ft 


SU  r-t 
43  fl) 
+»  ■*■» 
a> 

<h  a 
o 

a  rt 

a»  «m 
•h  o 
> 

T3 

O  iH 
•H  0) 
+>  -H 
(C  <H 

e 

a>  r-! 
43  C0 
O  -H 

ao  +» 
. .  a 
o 


00 

•H 

Pm 


O 

43  a 
ft  (3 

«S  *H 
U  B  • 
VP  to 

Or j  B 

h  at  Q 

O  -H 

■h  a> 
BBC 
•H  0) 
CH  <30 
OHO 

•rl  <0  ?4 

<D4»i3 
a  a  >> 
•H  >>® 

i  o  v 

-H 

•—  O  o 
•  ft  S» 


B 

00 

•H 

Pm 


*•»; > -w ' ”^*s ' »vw^ nw i 


ULX 

Isotropic  contribution  to  ths  work  funotlon,  snd  is  determined  from  s  aelf- 
oonslstsnt  calculation  of  ths  band-atruoture  of  ths  snsrgy  lsvsls  in  ths 
bulk  of  ths  metal.  Ths  oaloulatsd  work  funotlona  wars  in  rsaaonably  good 
agreement  with  availabls  experimental  data.  He  suggested  that  ths  measured 
work  funotlon 

$(lmn)  -  ♦  ^(lmn)  (4.9) 

where  4°  is  ths  isotropic  contribution  end  is  the  surfaos  dipole 
contribution  due  to  ths  formation  of  an  electrostatic  dipole  layer.  Table 
4.7  gives  the  surfaos  dipole  contributions  to  the  work  function  for 
different  orientations. 

J.  Jaskie  and  D.L.  J&cobson  [4.21]  investigated  experimentally  the 
relationship  between  bulk  composition,  surface  composition  and  thermionic 
work  function  in  the  Yttrium-Boron  system.  These  results  were  compered  with 
other  rare  Earth-Boride  systems.  A  Richardson  plot  for  the  3  Y-B  compounds 
tested  is  shown  in  Fig.  4.17  and  Fig.  4.18  gives  the  estimated  behavior  of 
work  function  within  2  phase  regions.  Table  4.8  gives  the  composition  data 
summary  and  the  work  functions  for  the  3  Y-B  compounds. 

C.V.  Landrith  [4.22]  used  the  thermionic  emission  microscope  to 
determine  the  effective  work  function  of  a  molybdenum  ceramic  eutectic,  Mo- 
LaCrO,.  Measurements  were  made  at  temperatures  up  to  1881  °K,  and  at 

-7 

pressures  in  the  range  of  1  to  45  x  10  torr.  The  mean  effective  work 
functions  of  4  grains  on  the  surface  of  the  Mo-LaCrO,  was  in  the  range  of 
4.74  to  4.81  eV.  A  typical  emission  micrograph  of  Mo-LaCrO*  is  shown  in 
Fig.  4.19. 

A.  Subramanian  [4.25],  investigated  the  effect  of  alloying  elements 
such  as  tungsten  on  the  emission  properties  of  LaB*.  The  average  B  to  La 
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Table  4.6.  Comparison  of  effective  work  functions  as  determined  from 
vacuum  emission  vehicle  and  thermionic  emission  microscope  data. 
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ratio  was  found  to  be  6.03  Md  tungsten  was  detected  to  the  extent  of  0.3  to 
0.5  weight  %,  The  effective  work  funotion  ranged  frcm  3.88  ev  to  4.29  eV  at 
a  temperature  of  1573#K.  It  was  found  that  the  presence  of  tungsten  lowered 
the  emission  and  hence  increased  the  work  function  of  LaB( .  Figure  4.20  is 
a  Richardson  Plot  for  the  La-B-W  Alloy  system  and  Fig.  4.21  shows  the 
variation  of  work  function  with  tmaperature. 

4.4.4  Techniques  involved  and  faoility  support  for  sample  preparation  and 
testing 

4. 4. 4.1  Material  procurement 

The- moment  it  was  decided  that  we  Investigate  sintered  W,  Re  and  Wt  Re, 
ThOa,  Hfc  alloys,  at  least  SO  different  suppliers  were  contacted  all  over 
the  country  but  only  one  supplier. 

Rhenium  Alloys  Inc. 

1329  Taylor  St.,  Box  245 
Elyria,  Ohio  44035 

agreed  to  make  the  samples  for  us,  at  a  fairly  high  price.  To  date,  we  have 
received  the  alloys  in  3  different  configurations  indicated  in  Table  4.9- 
The  second  set  of  alloys  with  the  sane  configurations  but  with  1*  Th0a  and 
0.3)  HfC  added  to  them  are  being  manufactured  and  the  shipment  is  expected 
in  June  1985. 

4. 4. 4. 2  Sample  preparation 

The  material  which  was  originally  in  button  form,  roughly  0.4  Inches  in 
diameter  and  0.5  inches  long  was  first  turned  down  to  0.375  inches  diameter 
using  a  four-faceted  tungsten- car  bide  cutting  tool.  Because  of  the  brittle 
nature  of  the  alloys,  the  turned  surface  had  a  lot  of  dents  due  to  particles 
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Materials  source  :  Rhenium  Alloys  Inc. 

Box  245.  1329  Taylor  street, 

Elyria,  Ohio-  44035. 
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chipping  off  from  the  surface.  The  sirface  was  eventually  finished  on  the 
Elecfcrioal  Discharge  Machine  as  shown  in  Fig.  4.22.  The  electrode  for  this 
purpose  was  desigied  and  fabricated  using  copper  rods  and  is  also  shown  in 
the  figure  along  with  the  fixture  for  mounting  in  the  E.D.M.  The  material 
'  s  then  sliced  down  using  a  special  diamond  cutter  to  form  buttons  0.375 
inches  in  diameter  and  0.100  inches  thick  for  use  in  the  thermionic 
microscope.  The  EDM  was  used  onoe  again  to  drill  the  Hohlraun  (or  black 
enclosure)  which  had  a  diameter  of  0.020  inches  and  a  length  of  0.200  inches 
thereby  satisfying  the  condition  of  an  Isothermal  Black  enclosure  with  a  L/D 
ratio  of  10:1 . 

4. 4.4,3  Sample  characterization 

Sample  characterization  was  done  on  each  one  of  the  alloys  in  order  to 
determine  and  check  the  com  position  and  the  howogenity  of  eacn  alloy. 

(i)  Electron  microprobe  analysis 

A  small  bit  (2  mm  x  2  mm  x  1  mm)  was  cut  using  the  diamond  cutter  and 
submitted  to  the  Chemistry  Department  at  Arizona  State  University  to  have  it 
analysed  in  the  electron  microprooe  facility.  The  results  of  the  analysis, 
as  indicated  in  Table  4.10,  show  that  the  alloys  with  lower  percentages  of 
rhenium  were  inhomogeneous  and  modification  in  the  fabrication  process  was 
essential . 

(11)  Metallography 

Each  of  the  five  samples  were  polished  using  Emery  paper  of  varying 
grades  and  then  lapped  with  Lev.  Alunlna,  1.0  pm.  Alumina  and  finally  0.05 
um.  Alunlna  solutions.  Photomicrographs  were  taken  using  the  optical 
microscope.  Microhardness  testing  was  then  done  on  the  polished  samples 
using  Murakami's  Reagent  and  photomicrographs  taken  again  to  determine  grain 
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Some  specifications  of  the  EDM. 

Type:  Servomet. 

Cabinet  size:  29"wx283/8  "dx221/2’,b. 

Po wtr:  200-250V,  lOamp.  50/60  cycles. 

Work  tank  aperture:  11.75"  x  7.5". 

Work  tank  depth  :  13". 

Capacity:  4. 15  Imp.  Gals. 

Total  surface  below  paraffin:  '1.875"mlu. ,8.375"  max. 
Maximum  height  of  work  piece:  7.375". 

Work  table  lift:  5.375". 

Travel  of  servohead:  4.625". 


fig*  4.22  Details  of  electrical  discharge  machining. 
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size.  Eventually,  the  macrohardnesa  teats  were  conducted  in  the  Rockwall 
Hardness  tester.  Table  4.11  gives  the  details  of  all  the  devioes  used  in 
the  metallography. 

(iii)  X-Ray  chemical  analysis 

After  machining  the  samples  to  the  right  size,  each  button  was  analysed 
in  the  X-ray  Spectrometer  using  a  chromium  target.  The  intensities  of  the 
various  elements  in  the  5  different  alloys  can  be  compared  in  Fig.  4.23  to 
get  a  qualitative  estimate  of  the  compositions. 

4. 4. 4. 4  Thermionic  emission  microscope 

The  apparatus  used  to  determine  the  work  function  is  a  thermionic 
emission  microscope.  This  apparatus  was  originally  designed  by  XEROX  in 
1966  but  subsequently  has  been  subjected  to  a  series  of  modifications  in 
order  to  enhance  its  performance.  The  microscope,  shown  in  Fig.  4.24, 
essentially  consists  of  an  electron  source  which  is  the  sample  surface 
itself  that  is  heated  in  the  neighborhood  of  1500  to  2000°C  by  mean?  of  a 
filament.  The  electrons  given  out  from  the  surface  are  drawn,  through  a 
system  of  lenses  and  drift  tube,  to  the  Faraday  cage  by  the  imposition  of 
suitable  potentials.  The  electrons  collected  at  the  Faraday  cage  are 
allowed  to  pass  through  an  Electrometer  which  measures  currents  of  the  order 

-11  - 1 4  -9 

of  10  to  10  Amps.  The  device  is  operated  with  a  vacuum  of  10  torr 
and  the  high  temperature  is  measured  with  a  calibrated  optical  pyrometer. 
Tnere  is  a  phosphor  screen  around  the  Faraday  cage  to  observe  real  time 
grain  boundary  movements  dvring  the  test.  The  entire  system  along  with  the 
microscope  and  accessories  is  shown  in  Fig.  4.25. 

The  diameter  of  the  sample  was  less  than  that  of  the  filament,  so  the 
sample  was  mounted  in  a  step  machined  out  from  another  sample  holder.  The 


Table  4 . 1 1  Details  of  devices  used  for  conventional 


metallgraphy. 


Lapping  machine  : 

150V  6Ccs.  14  Amps 
Make:  Buehler  Ltd. 

Microscope  : 

Olympus  system  microscope  for  metall¬ 
urgical  use. 

Model:  BHM. 

Photography  : 

Model:  PM-6. 

Eyepieces  available:  P7x,  PlOx,  P15x. 
Shutter  speeds:  B,  1,1/2, 1/4, 1/8, 1/15, 
1/30,1/60,1/125  &  1/250. 

Total  magnification  on  film  phase  « 
0.4x  (with  P  eyepieces). 

Picture  size  *  24  x  36mm. 

Macrohardness •  : 

Rockwell  type  macromet  hardness  tester. 
Loads:  60,  100,  150  Kgs. 

Scales:  a)  B  Scale,  1/16  Steel  Ball, 
lOOKg  load. 

b)  C  Scale,  Diamond  cone,  150  Kg  load. 

Microhardness  : 

Leitz  we'tzlar  (Germany). 

Microhardness  tester. 

Indentors:  Knoop  and  Vickers. 

Loads:  upto  2000  p. 


4.23  Outputs  for  chemical 
analysis  by  x-ray  spectr¬ 
ometry. 
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entire  assembly  consists  of  &  molybdenum  base  plata  and  a  tantalum  dlao, 
electron  beam  walded  to  a  tantalum  mounting  tuba,  aa  shown  in  Fig.  4.26. 
The  sampla  is  held  in  position  by  a  tungstan  rod  and  a  small  grove  at  the 
top  allows  the  Hohlrauu  to  be  seen  from  the  side.  Insulators  are  provided 
between  the  sample  and  filament  beoause  they  are  at  different  potentials. 

There  are  4  aspects  to  the  instrumentation  of  the  thermionic  emission 
microscope  in  evaluating  the  work  function  of  the  examples  under 
investigation. 

I)  Vacuum  System: 

It  is  absolutely  essential  that  the  environment  within  the  microscope 

is  extremely  clean  beoause  the  path  of  electrons  is  very  susceptible  to 

stray  electrical  and  magnet  la  fields.  Further,  there  should  not  be  any 

contamination  on  the  surface  of  the  specimen  while  it  is  being  tested.  For 

this  purpose,  it  is  necessary  to  evacuate  the  entire  chamber  to  less  than 
“8 

10  torr.  This  is  accomplished  in  two  stages;  the  roughing  is  done  with  a 
Sorptior.  pump  which  utilizes  molecular  sieve  material  to  absorb  the  air 
molecules  when  maintained  at  liquid  nitrogen  temperatures.  This  brings  the 
vacuum  to  10  v  torr.  The  ion  pump  is  then  switched  on  in  order  to  bring 

-7 

down  the  vacuum  to  10  torr.  At  this  stage,  the  microscope  is  baked  at 

about  250°C  for  4  to  5  days  so  that  all  the  adsorbed  gases  are  removed  and 

-o 

the  vacuum  eventually  comes  down  to  10  torr  when  it  is  ready  for  testing. 
The  details  of  the  pumps  used  are  given  in  Table  4.12. 

II)  Electron  Emission  and  Collection: 

In  addition  to  heating  up  the  sample,  it  is  necessary  to  provide 
progressively  Increasing  potentials  in  the  path  of  the  electrons  to  make 
them  move  from  the  emitter  to  the  collector  with  minimum  losses.  The 
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Table  4.12  Details  of  accessories  of  the  thermionic  emission 
Microscope. 


1)  Vacuum  system: 

a)  Sorption  pump. 

Base  pressure:  Low  micron  range  with  normal  use. 

Pumping  capacity:  60000  torr-liters  maximum. 

LN2  consumption:  4.3  litres. 

Sorbent  material:  Type  5 A  molecular  sieve. 

Sieve  requirements:  3  lbs. 

Heater  input: 1 15V, 50Hz. ,350W. 

Bakeout  Temperature:  250°C. 

Material:  Aluminum. 

b)  Vac  ion  pump. 

Pumping  speed:  140  l/s  at  10“°  torr. 

-fi 

Operating  life:  50000  hours  at  10  °  torr. 

Materials:  Body-304S.S. ,Cathode~Ti, Magnet-Ferrite. 
Internal  volume:  17. 9  litres. 

Weight:  120  lbs. 

Temperature  limit:  400°C. 

Control  unit:  7.5  kV.  open  circuit, 430  mA  short  cct. 

2)  Temperature  measurement: 

a)  MBS  lamp. 

Filament:  Tungsten  filament  (ribbon  type). 

Reference:  "  The  NBS  photoelectric  pyrometer  and  its 

use  in  realizing  the  international  practical 
temperature  scale  above  1063°C,M  R.D.Lee, 
Metrologia  2,  150  (1966). 

b)  Pyrometer. 

Micro  optical  pyrometer  with  red  filter  for  higher 
ranges  of  temperature. 
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electrical  schematic  for  the  entire  prooeaa  la  ahown  in  Pig.  4.27.  Aa  seen 
in  the  schematic,  the  supplies  to  the  filament  are  maintained  at  a  floating 
negative  potential  with  reapect  to  the  aample  which  is  at  ground  potential. 
The  electron  drift  tube  ia  maintained  at  a  high  (KV)  positive  potential  all 
the  way  to  the  collector  and  finally  there  are  power  supplies  to  the 
decelerating  grid  and  the  guard  ring. 

ill )  Temperature  Measurement 

A  calibrated  micro-optical  pyrometer  will  be  used  for  measuring  the 
temperature  of  the  sample.  The  pyrometer  was  first  calibrated  with  a  NBS 
Calibrated  Tungsten  filament  lamp.  The  NBS  lamp  was  viewed  through  the 
pyrometer  and  temperatures  were  recorded.  A  plot  of  the  lamp  (true) 
temperature  vs.  pyrometer  temperature  was  made.  Then  the  viewport 
(sapphire)  in  the  microscope  was  placed  between  the  lamp  and  the  pyrometer 
and  the  testing  repeated  to  give  a  plot  of  temperature  while  viewing  through 
viewport  vs.  true  temperature.  The  plot  of  temperatures  and  the  electrical 
schematic;  for  the  calibration  are  shown  in  Fig.  4.28.  Details  of  the 
pyrometer  and  lamp  are  provided  in  Table  4.12. 

iv)  Photography  -  Emission  Micrograph 

A  high  speed  Polaroid  camera  mounted  directly  behind  the  phosphor 
screen  and  viewport  recorded  the  grain  boundary  movement  at  different 
temperatures . 

4.4,5  Expected  results  and  conclusions 

The  thermionic  work  functions  will  be  evaluated  for  representative 
grains  in  each  sample  and  the  variation  noted  to  determine  the  homogenlty  of 
the  sintered  samples.  The  pure  tungsten  and  the  tungsten  alloys  with  higher 
percentages  of  rheniun  should  exhibit  a  homogeneous  structure  whereas  there 
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National  bureau  of  standards. 

Ribbon  filament  lamp. 

Brightness  temperatures  at  0.655  urn. 
Maximum  uncertain! ties  in  temperature: 
+2.5°  at  800°C. 


+1.5°  at  1100°C. 


+3.0°  at  2300°C, 


Center  contact  to  be  at  25  C. 

Angle  subtended  at  lamp  filament  by  the  entrance  pupil 
of  pyrometer  «  0.14  rad. 

Date:  March  6.  1975. 


Fig.  4v28  plot  of  true  temperature  vs.  pyrometer  temperature. 
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is  some  doubt  as  to  whether  the  W,  St  Re  and  W,  1 0?  Re  will  do  so,  as  tney 
did  not  have  good  homogenity  at  room  temperature  when  they  were  subjected  to 
electron  microprobe  analysis.  As  these  sintered  alloys  have  not  been 
evaluated,  we  would  imagine  that  it  is  difficult  to  predict  the  work 
functions  based  on  previous  experience  on  arc-oast  material. 

The  alloys  with  ThOa  and  HfC  ,  being  stronger  at  higher  temperatures 
should  reveal  interesting  changes  and  trends  in  work  functions  from  grain  to 
grain  and  sample  to  sample.  The  grain  sizes  of  the  different  alloys  at  the 
sama  temperature  should  reveal  useful  information  in  assessing  certain 
qualities  such  as  recrystallization,  ductility,  etc.  Auger  electron 
spectroscopy  of  the  tested  samples  will  provide  ample  information  on  grain 
boundary  segregation. 

4.4.5  Related  activities  in  thermionic  emission 

As  has  already  been  stated,  at  a  basic  level  a  thermionic  converter  is 
a  simple  device:  a  heated  electron  emitter  and  a  cooled  electron  collector 
positioned  very  close  to  one  another.  The  space  propulsion  and  weapons 
systems  currently  being  studied  would  use  nuclear  reactors  to  produce  the 
necessary  heat.  The  gap  between  the  2  electrodos  is  enclosed  in  a  gas-tight 
envelope  which  is  either  evacuated  or  filled  with  a  metal  vapor.  As  shown 
in  Table  4.13,  in  order  to  maintain  a  continuous  flow  of  electrons  from  the 
cathode  to  the  anode,  first  of  all,  there  must  be  a  perfect  vacuun  and 
secondly  there  should  not  be  any  inter  elect  rode  space  charge.  Unless  steps 
are  taken  to  limit  this  charge  buildup,  it  will  severly  limit  the  efficiency 
of  a  thermionic  converter.  There  are  two  ways  of  getting  by  this  inter- 
electrode  space  charge.  It  can  be  done  by  reducing  the  gap  between  the 
electrodes,  which  can  only  be  done  to  a  certain  extent  because  of  machining 
problems  or  a  metallic  vapor  could  be  used,  which  readily  ionizes  and  then 


Table  4,13  Requirements  for  an  efficient  thermionic  energy 
converter* 

Conditions  for  good  thermionic  emission. 

1)  Very  good  vacuum. 

2)  No  inter  electrode  space  charges. 

Ways  of  reducing  the  effect  of  the  negative  space  charge. 

1)  Reduce  inter  electrode  gap. 

2)  Introduce  positive  ions. 

Advantages  of  introducing  positive  ions. 

1)  They  neutralise  the  negative  space  charge. 

2)  Being  highly  active  in  the  plasma  state,  they  act 
as  a  conducting  path  for  electrons. 

3)  They  are  adsorbed  on  the  surface  of  the  electrode. 

4)  They  reduce  the  work  function  and  increase  the 
electron  yield. 

5)  Prevent  contamination  of  the  collector  due  to 
degassing  of  the  emitter. 

limitations  cn  reducing  the  inter  electrode  gap. 

l)  The  gap  has  to  be  a  fraction  of  a  mil.  wide  in 

order  to  be  really  effective  in  maximising  emission 
and  collection.  It  is  impossible  to  machine  a 
surface  to  such  close  tolerances. 

Advantages  of  using  Cesium  over  other  metallic  vapors, 

1)  Cesium  has  a  low  work  function  and  a  low  ionization 
potential. 

2)  It  has  the  maximum  ability  to  reduce  the  work 
function  of  the  parent  material. 

3)  It  has  a  melting  point  of  28°C  and  so  is  in  the 
form  of  a  liquid  at  room  temperature. 


neutralizes  the  electrons  oonsituting  the  space  oharge.  There  are  a  lot  of 
other  advantages  In  introducing  oestum  vapor  and  these  are  presented  in 
Table  4.13, 

4. 4.6.1  Thermionic  emission  from  oesiated  surfaces 

Thermionic  emission  from  cesiated  surfaces,  also  known  as  the  "plasma 
immersion  technique"  is  a  simple  rapid  method  for  studying  the  electron 
emission  from  metals  immersed  in  cesium  vapor.  It  was  originally  developed 
by  Marchuk  [4.24]  and  used  to  study  the  emission  of  molybdenum.  The  glass 
enclosure  in  which  the  test  is  conducted  has  since  been  known  as  the 
Marchuk- tube . 

The  construction  of  the  entire  tube  as  well  as  that  of  the  probe 
configuration  is  shown  in  Fig.  4.29,  4.30  and  4.31.  In  this  technique  a 
small  loop  of  wire  is  immersed  In  the  plasma  of  a  conventional  cesi urn- vapor 
gas  dischargo  tube  and  run  a  few  volts  negative  with  respect  to  the  plasma 
potential .  The  small  ion  cu-rent  arriving  at  the  loop  allows  a  much  larger 
electron  current  to  leave  the  loop,  without  encountering  the  electron  pace 
charge.  A  pure  alunina  insulator  is  used  to  shield  all  except  the  tip  of 
the  emitting  loop  so  as  to  expose  only  a  small  area  having  a  uniform 
temperature.  An  advantage  of  this  technique  is  that  one  can  compare  many 
metals  in  one  experimental  tube  under  identical  conditions. 

J.M.  Houston  [4.25]  measured  the  thermionic  emission  of  six 
polycrystalline  refractory  metals,  in  cesiun  vapor,  using  the  plasma  anode 
technique.  The  materials  studied  were  W,  Re,  Ta,  Mo,  Nb,  and  a  Mo-W  alloy. 
He  found  that  W  and  Re  yield  nearly  the  same  emission;  Mo,  Ta,  and  Mo-W 
yi  ild  roughly  a  factor  of  three  less  emission  than  W,  and  Mo  yields  more 
than  an  order  of  magnitude  less  than  W.  Fig.  4.32  gives  the  typical  S- 
curves  for  the  different  materials  with  the  cesiun  at  150°C. 


Pig.  4.30  The  probe  configuration. 
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Pig.  4.31  A  reusable  metal-glass  Marchuk  tube. 


P.K.  Dederick  [4.26]  and  Houston  used  the  plasma- immersion  technique  to 
measure  the  thermionic  amission  of  non- atomically  clean  W,  Ta,  Mo,  Ni,  Ar, 
S.S.  and  Nichrane.  They  found  that  unflashnd  W  had  an  emission  of  0,045  to 
0.76  ampa/cma  with  $min  «  1.6  V.  Mo  had  an  emission  of  1.0  amps/cm*  with  a 
*  of  1.5  V.  Ta  had  an  emission  of  0.39  amps/om*  with  a  $  of  1.36  V.  S.S. 
had  an  emission  of  0.25  amps/cm*  with  a  <p  of  1,4  V.  Ml  had  an  emission  of 
0.01  amps/oma  with  a  $  of  1 .5  V. 

J.L.  Coggins  [4.27]  et  al . ,  studied  the  thermionio  emission 
characteristics  of  <110)  and  (112)  single  crystal  tungsten.  They  determined 
the  dependence  of  the  thermionic  emission  in  these  two  directions  on 
filament  temperature  with  a  cesiun  reservoir  temperature  of  40°C .  From  the 
experimental  results,  they  found  that  data  for  the  (112)  direction  were  not 
as  reliable  as  those  for  the  (110)  direction  because  of  the  extreme 
susceptibility  of  the  (112)  face  for  contamination. 

The  cesiated  electron  emission  was  measured  for  three  candidate 
electrodes  for  use  as  collectors  in  thermionic  converters  byM.  Manda  [4.28] 
and  D.L.  Jacobson.  Nickel,  Inconel  600  and  Hastelloy  were  tested  with  a 
412°K  cesium  reservoir.  peak  emission  from  the  alloys  was  found  to  be 
comparable  to  that  from  pure  nickel.  Both  the  Inconel  and  Hastelloy  samples 
had  work  functions  of  1.64  eV  at  peak  emission.  The  minimum  work  functions 
were  estimated  to  be  1.37  eV  at  a  probe  temperature  of  750°K  for  Inconel  and 
1.40  eV  for  Hastelloy  at  665°K.  The  bare  work  function  for  both  alloys  was 
estimated  to  be  approximately  4.8  eV. 

D.  Tang  [4.29]  has  been  investigating  the  electron  emission  from 
cesiated  and  • 2 %  thoriated  tungsten,  with  the  help  of  a  Pyrex  Marchuk 
tube.  A  cesium  pressure  of  0.699  Pa  was  maintained  with  the  cesium 
reservoir  at  4l3°K.  The  peak  emissions  were  measured  to  be  0.322  A/c raa  at 


I030°<i  fcr*  thorlated  tungsten  and  1.139  A/an*  at  1120°K  fop  2#  thorieted 
tungsten.  The  corresponding  work  functions  were  1.75  «V  and  1.78  eV 
respectively. 

The  main  drawback  of  an  all  glass  Marchuk  tube  Is  its  inability  to  be 
used  repeatedly  for  testing  purposes.  The  whole  tube  in  usually  discarded 
if  any  parts  or  electrodes  failed  during  fabrication  or  processing.  It  is 
useful  for  conducting  one  test  after  which  it  is  rendered  useless.  In  order 
to  overcone  this,  it  is  proposed  to  build  a  metal-glass  Marchuk  tube  with 
isolation  valves  as  shown  in  Fig.  4.31,  This  will  hopefully  permit  mor* 
than  one  test  to  be  conducted  on  the  same  tube. 

An  Extranuclear  Soectral  275  Maas  Spectrometer  is  being  set  up  in  the 
lab  in  order  to  characterize  our  samples.  For  solid  materials,  a  speciality 
designed  jc’jrce  inlet  is  used  to  introduce  a  sufficient  amount  of  sample 
molecules  into  the  ionizer  chamber  by  evaporating  the  wire.  However,  no 
more  than  1  ugrm.  of  the  material  should  be  raporized  at  once  and  introduced 
into  the  ionizer.  The  wires  can  be  heated  by  direct  resistance  heating 
whereas  larger  chunks  of  material  will  have  to  be  heated  by  induction 
heating  or  electron  bombardment. 

4.4.7  Recomendationa  for  future  research  on  thermionic  emission 

At  the  end  of  the  present  program  we  expect  to  have  all  the  results  on 
the  W,  Re  and  W,  Rs,  Th02,  HfC  alloy  combinations.  Though  this  would  give 
us  a  lot  cf  useful  Information,  the  optimisation  study,  would  be  complete  if 
the  W,  Re  alloys  were  studied  individually  with  1#  ThO°a  and  0.3$  HfC 
additions. 

The  wires  that  have  been  procured  would  be  ideal  for  testing  in  the 
metal-glass  Marchuk  tube  as  this  would  reduce  the  time  and  make  the 
experimentation  more  economical.  Further,  the  results  of  cesiated  W,  Re 
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together  with  the  information  obtained  from  the  mioroaoope  should  be  useful 
in  deciding  emitter  and  oollector  materials  for  higher  effloienoy  thermion! o 
converters . 

A  motorized  X,  X,  Z  meohanism  would  go  a  long  way  in  making 
measurements  on  critical  regions,  a  lot  easier.  The  ion  pump  should  be 
looated  closer  to  the  emitter  assembly.  The  Faraday  pump  guard  ring  and 
decelerating  grid  should  be  made  integral.  A  permanent  design  for  baking 
the  entire  system  is  absolutely  essential. 

4.5  HIGH  TEMPERATURE,  HIGH  VACUUM  MECHANICAL  TESTING  OF  W,  Re  AND  W,  Re, 
ThOa.  HfC  ALLOYS 

Th3  thermionic  emission  microscope  is  a  very  useful  tool  to  acquire  the 
surface  characteristics  (properties)  of  refractory  metals  and  alloys  that 
find  application  in  Space  Thermionic  Energy  conversion.  However,  the  bulk 
properties  of  the  materials  are  almost  as  useful  as  the  surface  properties, 
if  they  are  to  be  exposed  to  the  low  pressure/low  temperature  environment  in 
outer  space.  A  significant  quantum  cf  data  is  available  on  the  bulk 
properties  of  refractory  materials  at  high  temperatures  but  in  most  cases 
the  tensile  tests  were  conaucted  at  room  temperature  and  atmospheric 
pressure  after  annealing  the  sample  to  high  temperatures  for  varying  periods 
of  time.  Values  obtained  in  this  fashion  do  not  really  characterize  the 
material  at  a  given  temperature  because  of  a  number  of  detrimental  factors 
such  as  atmospheric  contamination,  irregular  heating  and  so  on.  This  has 
led  a  number  of  investigators  to  investigate  real-time  deformations  and 
microstructural  changes  in  refractory  materials  at  nigh  temperatures  and 
moderate  vacuum  atmospheres. 

Though  tf,  Re  cast  materials  have  been  mechanically  tested  at  high 
temperatures,  a  complete  study  of  the  W,  Re  and  W,  Re,  ThO?,  HfC  sintered 
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materials  family  has  net  bean  examined  in  detail.  This  constitutes  the 
latter  half  of  the  research  activities  for  this  program  and  what  follows  is 
a  description  of  what  was  done  so  far,  what  is  to  be  done  in  fu&ure  and  what 
results  are  expected  with  regard  to  high  temperature,  high  vacuum  mechanical 
tasting  of  the  respective  alloys. 

4.5.1  High  temperature  mechanical  testing  as  opposed  to  conventional 
mechanical  testing 

Before  we  deal  with  high  temperature  testing,  it  would  be  appropriate 
to  describe  some  of  the  mechanical  properties  that  can  be  obtained  by 
conventional  testing  under  atmospheric  conditions. 

4. 5. 1.1  Mechanical  properties  in  conventional  mechanical  testing 
Deformation  occurs  where  forces  are  applied  to  a  material.  Strain,  e, 

is  the  amount  of  deformation  per  unit  length  and  stress,  u,  the  force  per 
unit  area.  Energy  is  absoroed  by  a  material  dtring  deformation  because  a 
force  has  acted  along  the  deformation  distance.  Strength  i3  a  measure  of 
the  level  of  the  stress  required  to  make  a  material  fail.  Ductility 
identifies  the  amount  of  permanent  strain  prior  to  fracture,  while  toughness 
refers  to  the  amount  of  energy  absorbed  by  a  material,  during  failure.  All 
the  pertinent  mechanical  properties  are  shown  in  Table  4.14.  The  initial 
strain  (elastic)  is  essentially  proportional  to  the  stress;  furthermore,  it 
is  reversible.  The  modulus  of  elasticity  or  Young's  modulus  is  given  by 

E  -  “  (4.10) 

It  is  a  measure  of  the  interatomic  bonding  forces,  ft  higher  stress 
permanent  displacement  occurs  and  this  is  termed  plastic  strain.  The 
elastic  strain  is  recovered  when  the  material  fractures  but  not  the  plastic 
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strain.  In  the  present  context,  the  single  most  important  property  that  we 
are  interested  in  determining  for  the  W,  Re  and  W,  Re,  ThOa,  HfC  alloys  is 
the  DUCTILITY.  Ductility,  the  plastic  strain  required  for  fracture,  ef,  may 
be  expressed  as  percent  elongation.  Like  all  strains  it  is  dimensionless 
and  is  given  by 


However,  since  plastic  deformation  is  commonly  localized  in  the  necked  area, 
the  percent  of  elongation  depends  on  the  gage  length.  So,  one  must  be 
specific  about  the  gage  length  whenever  reporting  ducllity. 

A  second  measure  of  ductility  is  the  reduction  in  area  given  by 


ductility  -  ^ 


A0-Aj, 


(4,12) 


at  the  point  of  fracture.  Thus,  elongation  is  a  measure  of  plastic 
stretching  whereas  reduction  in  area  is  a  measure  of  plastic  contraction. 
The  reduction  in  area  is  preferred  in  most  cases,  as  a  measure  of  ductility, 
because  it  does  not  require  a  gage  length  and  it  can  be  used  to  determine 
the  true  strain  at  the  point  of  fracture. 

The  ability  of  a  material  to  resist  plastic  deformation  is  called  the 
yield  strength  Sy,  and  is  the  ratio 


(4.13) 


where  Fy  is  the  force  initiating  the  yield.  In  soft  material'?,  the  yield 
strength  is  marked  by  a  definite  yield  point,  but  in  harder  materials  it  Is 


common  to  define  the  yield  strength  as  that  stress  required  to  give  0 .21> 


plastic  offset.  The  tensile  strength,  of  a  material  is  calculated  by 
dividing  the  maximum  force  by  the  original  cross-sectional  area.  True 
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stress  is  based  on  actual  area  and  nominal  stress  is  based  on  the  original 
area. 

Toughness  is  a  measure  of  the  energy  required  to  break  a  material  in 
contrast  to  strength,  which  is  a  measure  of  the  stress  required  to  deform  or 
break  a  material. 
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4. 5. 1.2  Subtleties  involved  in  high  temperature  mechanical  testing 

All  the  properties  mentioned  above,  can  also  be  obtained  in  high 
temperature  testing  but  this  involves  some  subtleties  not  exhibited  by 
conventional  testing  methods.  First  of  all  the  specimen  has  to  be  heated. 
This  can  be  done  by  resistance  heating,  induction  heating  or  electron  beam 
heating.  Resistance  heating  was  chosen  in  this  case  because  of  its 
simplicity  and  the  small  size  of  the  sample.  The  fact  that  the  specimen  is 
heated  to  the  order  of  2500 °K  makes  it  absolutely  necessary  to  house  the 
tensile  system  in  a  vacuum  chamber  to  prevent  high  temper^'  -e  oxidation  and 
imminent  failure  of  the  specimen.  Special  ceramics  that  have  excellent 
electrical  ana  thermal  resistivity  have  to  be  used  and  the  grips  holding  the 
specimen  should  also  be  made  of  a  high  temperature  resistant  material.  Seme 
means  of  cooling  the  grips  have  to  be  made  available  if  there  is  excessive 
heat  conduction  from  the  specimen.  Special  vacuum  chambers  with  flexibility 
to  move  while  evacuated,  had  to  be  designed  and  procured  for  the  testing.  A 
high  vacuum  3y3tem  should  also  be  available. 

4.5.2  Objectives  of  the  research  on  high  temperature  mechanical  testing 

a)  Design  a  high  vacuum  system  complete  with  instrumentation  for 
temperature  measurement  and  for  heating  the  specimen. 

b)  Fabricate  the  components  of  the  system  with  suitable  materials  for 


C 


the  grips  and  the  insulators. 
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c)  Using  techniques  such  as  Electron  microprobe  analysis,  X-ray 
analysis,  Metallography  and  Auger  electron  spectroscopy, 
characterize  the  materials  received. 

d)  Fabricate  tensile  test  specimen  using  conventional  machining  and 
electrical  discharge  machining  from  the  hot  swaged,  0.'25"  rods 
with  high  density. 

e)  Design  fixtures,  necessary  for  the  precision  machining  of  W,  Re 
and  W,  Re,  ThOa,  HfC  alloys. 

f )  Test  the  samples  in  an  Instron  testing  machine. 

i)  Each  alloy  combination  is  to  be  tested  at  room 
temperature  and  and  three  other  higher  temperatures 
after  maintaining  the  samples  for  a  fixed  period  of  time 
before  deformation. 

ii)  Obtain  stress-strain  relationship  for  each  specimen  and 
the  ductilities  of  the  various  material  combinations. 

ill)  Take  replicas  of  the  fractured  surfaces  and  observe 
fracture  characteristics  in  the  TEM. 

4. 5. 2.1  Present  status  on  the  activities  with  reference  to  stated  objectives 

1)  Design  of  the  entire  system  has  been  completed. 

ii)  95%  of  the  components  have  been  fabricated. 

iil)  Techniques  for  machining  W-alloys  have  been  progressively  refined 
and  optimized. 

iv)  Part  of  the  initial  materials’  characterization  has  been 
com  pi  et  ad. 

v)  An  Instron  testing  machine  donated  by  Motorola  is  being  readied 
for  operation. 

vi)  The  enti-e  system  is  expected  to  be  in  operation  during  May  1985. 


w***tr. 


wn  fritt-Wf fWIWW  ■»*! 


to 


to 


to 


e 


150 

4.5.3  Literature  survey  on  high  temperature  mechanical  testing 

As  was  stated  earlier*  prior  to  the  1960's  most  of  the  high  temperature 
tensile  test  data  were  not  really  the  output  of  real-time  tests  but  values 
that  were  the  result  of  extrapolations  from  room  temperature  data  and  high 
temperature  annealing.  However,  there  was  sane  introduotbry  work  by  Chester 
T.  Sims  [4.32]  and  P.I.  Jaffee.  in  the  mid  fifties  that  involved  the  testing 
of  50  mil  rheraium  wires  a.t  various  tew per atures  under  a  controlled 
atmosphere  of  a  mixture  of  .51  H  in  Helium.  The  results  of  the  tenisle  teats 
and  stress  rupture  tests  ara  shown  in  Fig.  4.33  and  Table  4.15.  In  general 
they  found  that  tile  elevated  temperature  strength  properties  of  rhenium  were 
high.  Elevated  temperature  short  time  tests  revealed  that  the  elongation 
drops  to  a  low  value  of  about  1  to  3H  above  500°C,  whereas  the  stress- 
rupture  tests  showed  elongations  in  excess  of  4<  at  2000°C  .  Improved 
ductility,  which  is  normally  observed  at  the  recrystallization  temperature 
in  most  metals  seemed  to  occur  at  high  temperatures  in  rhenium.  The  ductile 
to  brittle  transition  [4.11]  is  of  considerable  Importance  in  the  case  of 
tungsten  because  of  the  relatively  high  temperatures  at  which  it  occurs.  As 
shown  in  Fig.  4.34,  in  general,  the  effect  on  the  flow  and  fracture  of 
annealed  (recrystallized)  tungsten  a3  the  deformation  temperature  drops 
through  the  transition  zone  is  that  of  sharply  increasing  the  yield 
strength.  This  resulted  in  a  corresponding  reduction  in  ductility  over  a 
narrow  temperature  range.  The  rapid  increase  in  stress  to  produce  yielding 
as  temperature  decreases  is  also  Illustrated.  The  relation  between  yield 
stress  and  temperature  can  oe  expressed  by  an  equation  of  the  form 

a  -  exp[-q/RT]  (4.14) 
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Fig.  4.  33  Parametric  plot  of  tensile  and  rupture  data  for  pure  rhenium  metal. 


«&Mai 


P«r»tar*.  *C  Brr.kl.f  Sire...  M  ItfUn  Tim*  U*Bg*U*a,  M  1  Remark* 


n? 


4  •»*••  «•' 

■  «M  •• 


2  ;«"«22S,l’nS!i 
1 
1 


SSPS3"*“ - 


01 


0) 

as 


o 

in 

«H 

O 

m 

o 

•H 

P 

eo 

•H 

h 

0) 

-P 

o 

(0 

at 

xs 

o 

a> 

U 

p 

p 

Pi  • 

p  o 

o 

I  o 

OJ  “ 
CO 

a; 

U 
p 

co 


O 

o 


p 

a) 


in 


a) 

H 

.O 

cd 

EH 


gj 

S85 

1 

aas 

IB 

B 

B 

1 

j  *88 

a 

•a  : 
2.1 

»* 

8-s 

a 

a 

2 

o 

t 

1 

1 

asi 

•  MB 

a 

* 

aaj 

j  aaa 

8 

1 

a** 

« 

I 

1 

Aon 

1 

ass 

a 

m 

'  GS3 

u 

121 

IIS 

? 

(» 

8 

§21 

1 

s 

7. 

r 

s 

1 

n 

B 

rr 

<§ 

L_ 

■ 

4, 

a 

1 

ti 

n 

8 

Table  .4.16  High  temperature  tensile  properties  of  solid 
solution  tungsten-rheniuro-hafaium  alloys. 
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The  quasi  activation  energy  for  tungsten,  calculated  from  the  slope  of  Fig. 

4.35  was  about  5400  cals/mole  for  W,  compared  to  1700  cals/mole  for  Mo  and 

200  oals/mole  for  steel.  Fig.  4.36  shows  the  effect  of  powder  purity  on 

ductile-brittle  transition  temperature  of  tungsten  and  this  was  investigated 

by  Atkinson  [4.31]  and  cited  in  this  reference.  It  was  found  the 

interstitial  atoms  tend  to  increase  the  dbt  temperature  in  tungsten.  The 

* 

figure  shows  that  successively  lower  impurity  levels  reflect  lower 
transition  temperatures .  Though  this  particular  reference  did  not  contain  a 
lot  of  information  on  W-Re  alloys,  enough  information  was  available  to 
indicate  that  the  ductile-bri ttle  transition  range  for  recrystallized  30  Re 
-  10W  extended  down  to  100®C.  Fig.  4.37  summarized  the  tensile  properties 
found  by  Jaffee  [4.32]  and  associates  for  W-30  Re  alloy.  The  strength  of 
this  alloy  remained  remarkably  high  up  to  Just  below  the  recrystallization 
temperature  range. 

In  1966,  W.D.  Klopp  [4.33]  and  associates  released  a  NASA  document  on 

the  mechanical  properties  of  solid-solution  and  carbide  strengthened  arc- 

melted  tungsten  alloys.  They  investigated  the  mechanical  properties  of 

several  arc-melted  tungsten  alloys  containing  rheniun,  tantalum,  columbium, 

hafnium  and/or  carbon,  in  the  temperature  range  of  2500°F  to  4000°F.  They 

found  tnat  sol  id- solution  strengthening  in  W  alloys  was  most  effective  in  W- 

Hf  alloys  and  least  effective  in  W-Re  alloys.  Carbon  additions  to  different 

W  alloys  produced  various  degrees  of  strengthening  with  the  largest  effect 

formed  in  W-Hf-C  alloys.  The  strongest  alloy  W  -  0.26a%  C  -  0.20aJ  Hf  had  a 

tensile  strength  of  62,500  psi  at  3500°F.  Table  4.35  gives  the  high 

temperature  tensile  properties  of  tungst en-r heniun-hafni urn  alloys.  Tensile 

-5 

tests  were  performed  in  a  vacuum  of  less  than  5  x  10  torr  at  a  constant 
crosshead  speed  of  0.05  ins./mt.  The  specimens  were  brought  to  temperature 
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in  approximately  one  hour  and  held  at  that  temperature  for  30  minutes  prior 
to  testing.  Fig.  4.38  shows  the  effect  of  rhenium  on  the  tensile  strength 
of  nominal  W-0.37a}  Hf  alloy  at  2500°F  and  3500°F. 

Arc  melted  W  alloys  strengthened  by  a  finely  dispersed  hafnium  carbide 
precipitate  have  exhibited  outstanding  high  temperature  strength  [4.34].  It 
was  found  that  the  addition  of  40}  rhonium  to  such  alloys  si@iif icantly 
improves  their  low  temperature  ductility.  The  alloy  that  exhibited  optimum 
properties  nad  the  composition,  W-4Re-0 . 35Hf-0 . 35  C.  In  the  swaged 
condition,  this  alloy  combined  a  tensile  strength  of  approximately  10,000 
psi  at  350O°F,  with  a  duct il e~ bri t tie  transition  temperature  of  200°F.  Fig. 
4.39  a,b,c  exhibits  the  results  of  the  extensive  studies  of  these 
investigators. 

Sell  [4.12]  and  Stickler  ii. vest! gated  ingots  of  W-5Re-2Th02  alloy 
sintered  from  blended  W,  Re  and  ThQ2  powders  containing  a  coarse  Th02 
dispersion,  that  could  be  swaged  easily.  The  rods  were  evaluated  in  regard 
to  solid  solution  and  dispersion  strengthening,  the  effect  of  rhenium  and 
the  Th02  dispersion  on  the  dbt  temperature  and  modes  of  fracture.  Tensile 
tests  were  made  in  the  temperature  range  from  room  temperature  to  2400°C. 
In  the  ductile-brittle  region,  the  crosshead  speed  was  0.005"/min  to  yield, 
followed  by  0.05"/min  to  fracture.  Tests  above  800°C,  were  performed  at  a 
crosshead  speed  of  0.05'Vmin.  Fig.  4.42  shows  the  temperature  dependence  of 
0.2X  yield  stress  of  swaged  and  1/2  hr/2400°C  annealed  W  and  W-alloy  rods. 
Fig.  4.43  represents  some  of  the  light  icrographs  and  electron  micrographs 
of  the  fractured  surfaces  indicating  the  effect  of  test  temperature  on  the 
mode  of  tensile  fracture  of  swaged  and  annealed  rods  of  W-5Re-2Th02.  In  an 
effort  to  determine  if  particle  strengthening  by  a  HfC  precipitate  could  be 
obtained  in  a  ductile  W  high  Re  alloy,  an  arc  melted  W-23.4}  Re  -  0.27  Hf  - 
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C  alloy  was  evaluated  [4.35]  by  tensile  testing.  The  alloy  was  found  to 
exhibit  good  high  temperature  strength  properties.  At  3000°F,  the  HfC- 
strengthened  alloy  had  a  short  time  tensile  strength  of  62.7  ksi,  more  than 
double  the  strength  of  28.1  ksi  observed  earlier  for  W-24  Re.  however,  the 
strength  advantage  decreases  at  higher  temperatures  due  to  HfC  particle 
coarsening  and  grain  boundary  sliding.  .  The  tensile  properties  of  the 
material  are  given  in  Table  4.17. 

Arc  melted  tungsten-4  percent  rheniun-hafni un-carbon  alloys  containing 
up  to  aoout  0.8  mol.  percent-HfC  were  evaluated  [4.36]  for  compositional 
effects  on  mechaincal  properties  in  the  as  worked  condition.  The  tensile 
properties  of  the  W-4Re-Hf-C  alloys,  tested  at  1930°C  are  given  in  Table 
4 . 1 8 .  The  data  showed  considerable  scatter,  especially  for  the  alloys 
containing  an  excess  of  C .  It  was  found  that  peak  strengthening  occurred  at 
or  near  the  calculated  stoichiometric  HfC  composition  (0.3  to  0.4  mol  %)  but 
decreased  rapidly  with  excess  of  either  carbon  or  hafnium. 

F.I.  Uskov  [4.37]  and  A.V.  Borbak  investigated  the  temperature 
relationship  of  the  characteristics  of  fracture  toughness  (crack  resistance) 
of  the  powder  metallurgy  of  tungsten.  The  samples  were  heated  by  radiation 
at  a  rate  of  1  deg. /sec.  Before  tension,  a  sample  was  held  at  the  specified 
temperature  for  30  minutes.  Curves  obtained  in  tests  of  compact  samples  of 
the  powder  metallurgy  of  tungsten  under  conditions  of  off-center  tension  at 
various  temperatures  (920-l600°C)  in  vacuum  are  shown  in  Fig.  4.44.  Fig. 
4.45  shows  the  characteristic  features  of  failure  of  tungsten  at  different 
temperatures.  From  the  features  of  the  failure,  it  was  concluded  that  the 
significant  extent  of' the  gently  sloping  portion  on  the  tensile  curves  was 
not  an  indication  of  general  plastic  flow  of  the  material.  The  failure  of 
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all  the  specimens  were  confirmed  to  be  of  a  brittle  nature,  from  the 
fractographic  analysis  at  a  test  temperture  of  1200°C. 

The  effect  of  excess  hafnium  or  carbon  in  W-4Re-Hf-C  alloys  on  the  UTS 
[4.14]  at  2200°K  after  a  high  temperature  treatment  at  241 7°K  is  shown  in 
Fig.  4.46.  A  maximum  in  UTS  was  found  in  compositions  close  to  those  having 
little  or  no  excess  of  either  Hf  or  C.  Both  excess  Hafnium  and  excess 
carbon  exhibit  the  same  effect,  that  is  the  reduction  in  ultimate  tensile 
strength. 

4.5.4  Design  and  fabrication  of  the  components  of  the  high  temperature 
tensile  stage  ” 

The  entire  tensile  stage  can  be  divided  in  two  parts,  a)  the  external 

stage  and  b)  the  internal  stage,  for  convenience  in  describing  the  system. 

Fig.  4.47  is  a  conception  of  what  the  entire  system  comprising  of  the  high 

temperature  stage,  the  Instron  testing  machine,  the  vacuum  system,  power 

supply,  temperature  measurement  system,  would  look  like  when  it  is  ready  for 

testing. 

4.5. 4.1  The  external  stage 

Fig,  4.48  shows  all  the  parts  that  constitute  the  external  part  of  the 
high  temperature  stage.  It  is  essentially  made  up  of  the  crossbars  of  the 
Instron,  the  load  cell,  the  flexible  bellows  coupling  and  the  4- way  cross 
chamber.  The  {art  nos.  1  through  8  are  all  supporting  members  which  were 
designed  to  have  minimum  weight  and  were  fabricated  in  the  Mechanical 
Development  Shop  at  Arizona  State  University.  Since  the  test  is  expected  to 

be  conducted  in  a  high  vacuum  atmosphere,  the  specimen  has  to  be  deformed  in 

a  leak  tight  chamber.  The  bellows  system  and  the  4-way  cross  shown  in  Fig. 

4.49  provide  exactly  this  and  at  the  same  time,  the  necessary  flexibility  to 
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deform  the  specimen  up  to  1,10  in.  under  a  vacuum  of  better  than  10  torr. 


Fig.  4*47  Experimental  layout  for  high  temperature  mechanical  testing. 


Fig.  4.48  External  stage  of  the  testing  system. 
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All  the  components  in  this  stage  were  made  of  either  mild  steel  or  stainless 

steel.  The  4-way  cross  was  designed  by  us  but  fabricated  and  leak  tested  at 

LATEC  Industries,  400  Bryce  Avenue,  Los  Alamos,  New  Mexico  87544.  An 

important  precaution  to  be  oserved  here,  while  testing,  is  to  be  sure  that 

the  upper  cross  bar  is  limited  to  a  movement  of  less  than  1.0  in.  This 
would  prevent  any  damage  to  the  flexible  coupling. 

4.5. 4.2  The  internal  stage 

The  internal  part  of  the  high  temperature  stage  is  the  nerve  center  for 
the  entire  system  because  this  is  the  part  where  the  heated  specimen  is  held 
between  grips,  before  deformation.  Fig.  4.50  shows  the  top  and  bottom 
flange  attachments  of  the  grip  assembly.  The  top  flange  is  located  at  the 
top  of  the  flexible  coupling  and  the  bottom  flange  is  located  under  the  4- 
way  cross  chamber.  Fig.  4.51  shows  the  critical  grip  assembly.  There  are 
two  unique  features  of  the  design  of  this  grip  assembly. 

a)  Part  No.  15  is  part  of  a  stainless  steel  ball  which  seats  into  a 
hemispherical  depression  in  Part  No.  7.  This  allows  accurate 
alignment  of  the  grip  when  the  specimen  is  about  to  be  loaded. 

b)  The  ring  8  is  threaded  on  to  the  grip  10  and  when  this  is 
tightened  against  the  bottom  of  part  no.  7,  the  entire  grip 
assembly  from  the  flange,  to  the  pin  12,  becomes  one  rigid 
construction  and  this  permits  compression  loads  to  be  transmitted 
directly  to  the  specimen  without  any  relative  movement  in  between. 

The  grip  10  and  the  pin  12  which  are  in  direct  contact  with  the 
specimen  were  made  of  Inconel-750X  which  has  excellent  high  temperature 
resistance  and  strength.  Part  nos.  11  and  13  are  special  ceramic  insulators 
made  of  Alumina  AD-998.  The  properties  of  the  Inconel  and  the  ceramic  are 
provided  in  Table  4.19  along  with  the  addresses  of  the  suppliers. 
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Pig.  4.51  Internal  stage 
of  the  testing 
system. 
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Table  4.19  Important  properties  of  Inconel  750X  and  ceramic  AD-998. 


l)  Inconel  750X. 

Description:  It  is  an  age  hardenable  alloy  with  good 
corrosion  and  oxidation  resistance. Also 
possesses  excellent  relaxation  resistance. 
Major  Applications:  Gas  turbine  parts,  Steam  service  and 
nuclear  reactor  springs, bolts, vacuum  enve¬ 
lopes,  extrusion  dies,  bellows  forming  tools. 
Nominal  chemical  composition:  Ni+Co  -75%,  Ti  -2.5%, 

Fe  -  7%,  Or- 15. 5%. 

Thermal  conductivity:  12  W/m°C  at  20°C. 

22.9  W/m°C  at  815°C. 

Oxidation:  Good  to  excellent. 

Carburization:  Good  to  excellent. 

High  temperature  strength  and  stability:  Good  to  Exc. 
Tensile  strength:  1117-1331  MPa. 

Yield  strength  :  793-979  MPa. 

Elongation  in  2":  30  -  15%. 

3.H.N.  :  300  -  390 
2)  Ceramic  AD-998. 

Specific  gravity:  3.96 
Rockwell  hardness:  90 
Crystal  size:  1  -  6  microns. 

Color:  Ivory 

Compressive  strer0th:  3792  MPa  at  25°C. 

1930  MPa  at  1000°C. 

Flexural  strength:  283  MPa.  ,TYP.  25°C. 

Tensile  strength:  207  MPa  at  25°C. 

103  -MPa  at  1000°C. 

Modulus  of  elasticity:  393  GPa. 

Shear  modulus:  162  GPa. 

Poisson’s  ratio:  0.22 

Coeff.  of  linear  thermal  expansion:  3.44xl0“^/°C.  at  25C. 
Thermal  conductivity:  39.7  W/m-K  at  20°C. 

6.3  W/m-K  at  800°C. 

Specific  heat:  880  J/Kg.-K  at  100°C. 
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Part  no.  9  is  a  copper  annular  cylinder  with  spiral  copper  tubes  brazed 
on  the  external  surface.  Its  purpose  is  to  cool  the  grip  if  it  gets  too  hot 
while  heating  the  specimen.  Because  of  the  large  thermal  mass  of  the  sink, 
it  is  anticipated  that  the  grips  would  have  to  be  cooled  only  if  the 
temperature  of  the  specimen  exceeds  2500°K.  As  far  as  possible,  we  will 
refrain  from  using  the  cooling  system  as  it  becomes  a  potential  source  for 
water  leakage  and  material  degassing  which  would  hinder  the  process  of 
achieving  a  high  vacuum.  Every  single  component  of  the  internal  stage  was 
designed  with  utmost  caution  and  fabricated  at  the  Mechanical  Development 
Shop  at  Arizona  State  University. 

4.5.5  Fabrication  of  tensile  test  specimen 

The  mechanical  testing  system  was  designed  to  accomodate  both 
cylindrical  specimen  as  well  as  plate  type  specimen,  depending  upon  the 
availability  of  raw  material.  As  the  heating  of  the  specimen  was  to  be  done 
by  resistance-heating,  a  considerably  large  amount  of  current  would  be 
required  to  heat  up  the  cylindrical  samples.  Thus,  it  was  decided  that  the 
flat  plate  type  specimen  would  be  fabricated  from  the  0.25”  dia.  sintered 
rods  procured  from  Rhenium  Alloys  Inc. 

4.5.5. 1  Flat  plate  specimen 

Because  of  the  extreme  hard  nature  of  W  and  W  alloys,  it  is  virtually 
impossible  to  grip  the  material  between  the  jaws  of  the  grip  without 
providing  a  positive  mechanical  means  of  holding  it.  Invariably,  the 
tungsten  cuts  through  the  grip  material  and  slips  out  even  before  a  moderate 
load  is  applied.  Hence,  it  was  necessary  to  design  a  configuration  that 
would  allow  the  specimen  to  be  pulled  by  horizontal  pins.  The  ASTM  [4,38] 
Standard  methods  of  tension  testing  of  metallic  materials  was  referred  to, 
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In  this  oonneotlon  and  eventually  the  dimensions  of  the  specimen  were  drawn 
out  as  indioated  in  Fig.  4.52.  The  specimen  itself  was  fabricated  by 
cutting  out  plates  (24  mm  x  6  mm  x  0.75  mm)  from  the  0.25  ins.  dia.  rods.  A 
special  diamond  embedded  cutter,  with  a  thickness  of  0.025  ins.  was  used  for 
this  purpose.  A  lot  of  precautions  were  taken  to  maintain  a  feed  rate  that 
would  not  distort  the  vertical  surface  that  was  being  cut.  The  plates  were 
then  mounted  on  an  end  milling  machining  and  the  right  contours  machined 
using  a  diamond  core  drill  operated  at  a  speed  of  about  10000  r.p.m. 
Inspite  of  the  high  speed  and  the  fact  that  a  diamond  core  drill  was  used, 
the  machined  surface  was  not  smooth  and  so  it  had  to  be  finished  in  the 
Electrical  Discharge  machine. 

Fixtures  and  electrodes  had  to  be  designed  before  getting  the  sample 
electrically  discharge  machined.  Figs.  4.53  and  4.54  give  cross  sectional 
views  of  the  fixture  for  holding  the  specimen  and  the  electrode  assembly 
used  for  cutting,  respectively.  The  specimen  was  then  polished  to  remove 
rough  surfaces  that  might  act  as  stress  concentrators.  The  polishing  was 
done  by  using  a  paraffin  mould  to  hold  the  specimon  and  Emery  papers  and 
eventually  the  lapping  machine  was  used,  to  give  a  mirror  finish.  In  order 
to  polish  all  the  surfaces  uniformly,  the  sample  was  finally  electropol ished 
in  10%  aqueous  solution  of  sodium  hydronide  with  an  inconel  Cathode. 

4.5.5. 2  Cylindrical  specimen 

The  cylindrical  specimen  was  fabricated  by  turning  the  sintered  rod  in 
a  lathe,  with  the  help  of  a  tungsten  carbide  cutting  tool.  A  lot  of 
problems  had  to  be  overcome  before  arriving  at  the  optimum  conditions  for 
machining  the  sample.  The  tip  of  the  cutting  tool  was  wearing  out  very  fast 
and  it  had  to  be  sharpend  every  other  minute.  After  rough  machining  in  the 
lathe,  the  sample  was  mounted  in  a  rotatable  chuck,  in  the  EDM  (Fig.  4.55) 
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and  rotated  while  the  electrode  was  gradually  introduced  from  the  top  to 
effeot  the  material  removal.  While  designing  the  electrode,  oare  was  taken 
to  ensure  that  its  oontour  corresponded  exactly  to  that  of  the  gage  section, 
of  the  sample. 

4.5.6  Temperature  measurement  system 

Because  of  the  nature  of  the  testing  and  the  small  dimensions  of  the 
specimen,  it  was  Impossible  to  drill  a  Hohlraun  for  temperature  measurement. 
Further,  since  the  specimen  was  going  to  be  resistance  heated,  it  is 
impossible  to  get  any  useful  thermocouple  output  as  the  potential  difference 
in  the  circuit  Introduces  spurious  sigials  which  do  not  mean  anything  as  far 
as  the  temperature  is  concerned.  Thus,  it  was  necessary  to  use  induction 
heating  to  heat  the  sample  and  get  actual  temperatures  using  W-Re 
thermocouple  wires .  The  mlcrooptical  pyrometer  will  be  calibrated  with  the 
thermocouple  readings  and  this  calibration  will  be  used  to  measure  the 
temperature  of  the  specimen,  dirlng  real-time  testing. 

The  Induction  heating  system  is  being  set  up  for  use,  later,  for  vaouum 
annealing  purposes.  Fig.  4.56  is  a  schematic  of  the  induction  heating 
system.  The  specimen  is  mounted  in  the  glass  tube  and  viewed  with  the 
optical  pyrometer,  as  shown.  The  glass  chamber  is  being  fabricated  at  the 
glass-blowing  section,  Chemistry  Department,  Arizona  State  University.  The 
mounting  rack  houses  the  ion-pump  and  the  corresponding  power  supply  and  the 
roughing  pump  provides  the  necessary  roughing  vacuum  before  the  ion-pump 
kicks  on.  A  high  frequency  Lepel  R.F.  generator  is  being  readied  for  this 
sytem.  The  accuracy  of  temperature  measurements,  by  this  method  is  expected 
to  be  better  than  ±10#C  in  the  2000  to  2500#K  range. 
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Pig*  4.56  The  induction  heating  system. 
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4.5.7  General  instrumentation  and  additional  facility  development 

Other  than  the  tmnperature  measurement  system  there  are  2  aspects  of 
the  general  instrumentation  that  merit  mentioning  in  this  section.  They  are 
the  vacuun  system  and  the  speoimen  heating  system. 

4.5.7. 1  Ion-pump  vaouum  systan 

For  the  reasons  mentioned  earlier,  it  is  necessary  to  oonduct  the  test 
in  an  environment  that  is  totally  free  from  any  oontaminants.  The  best  way 
to  achieve  this  is  to  evacuate  the  entire  chamber  to  a  vaouum  of  better  than 
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10  torr,  the  evaouating  is  done  in  two  stages.  The  sorption  pump  brings 
the  pressure  down  to  about  10  torr  and  then  the  ion  pump  takes  over  until 
the  pressure  gets  down  to  10~^  torr.  The  entire  system  is  then  baked  with 
I  .Ft.  lamps  at  250°C  for  48  to  72  hotrs  to  remove  adsorbed  gases. 

4.5.7. 2  Heating  system  for  the  specimen 

The  specimen  will  be  heated  up  using  a.c.  current  from  a  low 
voltage/high  current  power  supply.  The  output  from  the  power  supply  is 
carried  to  the  two  current  feed  troughs,  at  the  side  of  the  4-way  cross 
chamber,  by  means  of  copper  wires  as  shown  in  Fig.  4.47.  Inside  the  vacuun 
system,  oopper  leads  carry  the  current,  through  a  tantalum  sheet,  the 
loading  pin  and  then  the  specimen,  and  the  circuit  is  completed  back  to  the 
power  supply,  as  shown  in  Fig.  4.51  Tantalum  is  used  between  the  copper  and 
the  Inconel  pin  because  it  has  a  high  melting  point  and  will  serve  as  a  sink 
to  the  heat  generated  near  the  pin.  If  there  is  a  lot  of  heat  conducted  to 
the  copper,  then  the  copper  wires  will  be  replaced  with  tantalus  wires 
inside  the  vacuimt  system. 
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4 .5 . 7 . 3  The  eleotron-beam  zone  raflning  system 

As  a  part  of  the  study  of  material  problems  for  high  temperature,  high- 
power  space  energy  conversion  systems,  it  was  proposed  that  we  build  an 
electron-beam  floating  zone  refiner,  that  could  serve  the  dual  purpose  of 
purifying  materials  and  also  distributing  a  desired  impurity  uniformly 
throughout  the  material.  Zone  melting  is  a  general  terra  for  controlling  the 
distribution  of  soluble  impurities  or  solutes  in  crystalline  materials. 
Here,  a  short  molten  zone  travels  slowly  through  a  relatively  long  solid 
charge  and  while  travelling  redistributes  the  solutes  in  the  charge. 

The  vital  part  of  the  design  of  the  zone-refining  system  is  shown  in 
Fig.  4.57.  It  essentially  consists  of  a  4-way  cross  vacuum  chamber  with 
cooling  water  lines  on  its  peripheral  surface.  The  chamber  is  evacuated 
with  an  ion- pumped  vacuum  system.  The  specimen  5  is  held  in  position  by  the 
two  linear  motion  feedthroughs.  The  electron  beam  source  is  a  filament  7 
which  surrounds  the  specimen.  This  electron  gun  can  be  moved  up  and  down  at 
different  speeds  with  the  help  of  the  stepper  motor  operated  UHV  linear- 
motion  drive  1.  This  unit  is  specially  designed  for  high  vacuum 
applications  and  supplied  by  MS.  Kurt  J.  Lesker  Co.,  from  Pennsylvania.  The 
various  parts  for  the  zone-refining  system  were  procured  in  1984  but  all 
activities  were  temporarily  shelved  until  early  1985  when  we  started  working 
on  it  again. 

In  addition  to  zone- ref  ini  ng ,  the  system  is  being  modified  to  grow 
single  crystals,  bi-crystals  and  for  electron  beam  melting  purposes. 

4.5.8  Conclusions 

The  tests  conducted  on  the  various  alloy  combinations  should  provide 
sufficient  information  on  the  following  aspects: 

1)  Ductility 
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2)  Modes  of  fracture 

3)  Grain  boundary  segregation  of  impurities. 

The  ductility  of  the  materials  is  obtained  from  the  change  in  length  or 
cross  section  of  the  test  specimen  at  various  temperatures.  The  reduction 
in  area  would  be  zero  below  the  DBTT  and  then  it  would  increase  with 
temperature  only  to  a  certain  extent  until  it  comes  down  again  as  grain 
boundary  fracture  dominates.  It  would  be  interesting  to  observe  if  the 
addition  of  ThOa  and  HfC  provides  an  increase  in  the  reduction  of  area  over 
a  wider  temperature  range. 

As  has  been  cited  in  literature,  the  modes  of  fracture  are  expected  to 
be  one  or  a  combination  of  the  following:  transcrystalline  cleavage,  ductile 
tearing  and  grain  boundary  fracture.  .  At  temperatures  of  the  order  of 
l 00/200 °C ,  the  fracture  is  expected  to  be  of  a  brittle  nature  with  a  higher 
percentage  of  grain  boundary  fracture  than  the  cleavage  type.  However,  as 
the  temperature  increases,  the  cleavage  will  reduce  and  eventually  disappear 
and  most  of  the  fracture  becomes  either  ductile  tearing  or  grain  boundary 
fracture.  The  influence  of  Re  on  the  mode  of  fracture  of  W-Re  alloys  has 
been  observed  to  be  one  in  which  there  is  a  decrease  in  the  amount  of 
cleavage  failure.  Further,  the  addition  of  ThOa  and  HfC  is  expected  to 
promote  ductile  failure  above  the  DBTT. 

The  yield  stress  and  the  ultimate  stress  are  expected  to  increase  with 
additions  of  Re,  ThOa,  and  HfC  but  this  effect  is  expected  to  wear  out  after 
about  2500°C  when  most  of  the  alloys  tested  exhibit  the  same  properites  as 
the  parent  material.  It  has  already  been  established  that  the  yield  stress 
varies  very  little  with  increase  in  temperature  for  pure  tungsten,  but  is 
Increased  considerably  at  lower  temperatures  with  alloying  additions.  The 
tests  will  certainly  reveal  whether  tungsten  can  be  additively  strengthened 
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at  elevated  temperatures  by  low  concentrations  of  Re  in  solid  solution  and 
by  dispersed  ThOa  and  HfC  .  If  there  is  an  increase  in  strength  due  to  the 
addition  of  ThOa  and  HfC,,  the  major  factors  contributing  would  be  the  grain 
size  and  the  dispersoid  size. 

Calculations  of  interparticle  spacing  using  the  Orowan  relationship 
should  give  information  leading  to  the  discrepancy  in  stress  values  with  and 
without  the  dispersoids.  It  will  also  show  if  it  Is  the  grain  size  or 
dispersoid  distribution  or  substructure  stabilization  that  contributes  to 
the  strengthening  of  the  base  metal.  A  plot  of  stress  (without  alloying)  - 
stress  (with  alloying)  vs.  temperature  should  amply  demonstrate  the  origin 
of  incremental  contributions  to  the  UTS. 

Post  test  Auger  spectroscopy  will  be  done  in  order  to  determine  the 
grain  boundary  segregation  of  impurities  on  the  fractured  surface.  This 
should  reveal  a  qualitative  and  quantitative  result  of  the  dispersoids. 

Eventually,  an  effort  will  be  made  to  correlate  the  work  functions  from 
the  microscope  and  the  bulk  properties  from  the  high  temperature  mechanical 
testing,  in  order  to  arrive  at  some  kind  of  a  merit  number  for  different 
types  of  TEC  materials. 

4.5.9  Related  activities  in  Research  on  embrittlement  of  W-Re.  alloys 

As  we  are  interested  in  studying  the  ductility  of  W  and  W/Re  alloys,  it 
would  be  of  utmost  importance,  to  determine  the  factors  that  might  possibly 
be  the  reason  for  making  W  as  brittle  as  it  is.  Embrittlement  of  W  alloys 
Is  caused  by,  among  other  things,  grain  boundary  segregation  and  hydrogen 
embrittlement.  To  complete  the  study  on  recrystallization  and  ductility,  of 
W-Re  and  W,  Re,  ThOa,  HfC  alloys  it  is  proposed  to  include,  if  time  permits, 
an  investigation  of  embrittlement  by  grain  boundary  segregation  of 


interstitial  impurity  products  as  well  as  the  effect  of  hydrogen  charging  on 
the  tensile  strength  of  the  alloys. 

4.5.9. 1  Grain  boundary  segregation 

A  major  limitation  in  the  usefulness  of  tungsten  is  its  tenedency  to  be 
brittle.  This  difficulty  is  especially  acute  when  it  is  in  the 
polycrystalline  form.  Inspection  of  the  fracture  surfaces  reveals  that 
polycrystalline  tungsten  often  fractures  along  the  grain  boundaries. 
Interstitial  impurity  products  segregated  in  grain  boundaries  cause  this 
kind  of  fracture  due  to  embrittlement  and  recrystallization  further 
diminishes  ductility  by  localizing  the  brittle  interstitial  products  in 
grain  boundaries  thereby  increasing  their  intergranular  concentrations. 

The  most  embrittling  component  is  carbon  followed  by  oxygen,  nitrogen 
and  finally  hydrogen.  However,  tungsten  has  been  doped  with  a  number  of 
impurities  for  certain  benefits  and  studies  have  been  done  on  the  effect  of 
strength  on  the  segregation  of  impurities  in  grain  boundaries. 

A.  Joshi  [4.39]  and  D.F.  Stein  used  the  Auger  electron  emission 
spectroscopy  for  direct  chemical  analysis  of  fracture  surfaces.  Substantial 
segregation  of  phosphorus  to  the  grain  boundaries  was  observed  and  it  was 
found  that  the  concentration  of  phosphorus  could  be  related  to  the  DBTT. 
The  amount  of  segregation  was  also  dependent  on  the  grain  size  -  the  larger 
the  grain  size,  the  greater  the  concentration  of  phosphorus  at  the  grain 
boundary  and  associated  embrittlement.  A  combination  of  Auger  electron 
spectroscopy  and  scanning  electron  microscopy  was  used  [4.40]  to  identify 
the  source  of  the  unique  interlocked  elongated  grains  responsible  for  the 
high  temperature  sag  resistance  in  doped  W  and  W-Re  alloys  as  due  to  bubbles 
formed  by  the  volatilization  of  potassium  diring  sintering.  They  found  that 
by  pinning  grain  boundaries,  the  bubbles  raised  the  recrystallization 
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temperature.  There  was  a  thin  layer  of  potassiun  remaining  on  the  bubble 
sirfaces.  The  size  and  distribution  of  the  bubbles  was  related  to  the 
amount  of  material  deformation  during  processing.  Fig.  4.58  shows  a  typical 
Auger  Electron  spectra  of  W-3.25%  Re  taken  in  situ  immediately  after 
fracture  at  room  temperature. 

Incidentally,  Th  additions  to  Iridium  +0.3%W  alloys  [4.41]  are  known  to 
greatly  increase  their  ductility  during  high  temperature  impact. 
Segregation  of  thorium  to  grain  boundaries  in  alloys  containing  5  and  1000 
ppm.  Th  was  studied  using  AES  to  analyse  Th  rich  precipitates  on 
intergranular  fracture  surfaces  of  an  alloy  containing  1000  ppm  thorium. 
The  thorium  enriched  region  was  only  a  few  atom  layers  thick.  No  additional 
Increase  in  grain  boundary  thorium  level  was  observed  as  the  overall  thorium 
level  was  increased  from  5  to  1000  ppm.  This  result  indicated  a  solubility 
limit  of  thorium  in  Iridium  +0.3*  W  of  <  5  ppm.  Figs.  4.59  show  the 
comparisons  of  the  Auger  spectra  for  undoped  Ir  +0.3%  W,  5  ppm  doped  Ir  + 
0.3%  W,  and  1000  ppm  doped  Ir  ♦  0.3%  W. 

We  propose  to  use  the  Auger  Electron  Spectroscopy  facility  at  the 
Centre  for  Solid  State  Sciences,  to  investigate  the  fracture  surfaces  of  W, 
Re  and  W,  Re,  ThO,1,  HfC  alloy  tensile  test  specimen  and  draw  suitable 
conclusions  on  grain  boundary  seg'egation. 

4.9.2  Hydrogen  embrittlement 

An  important  impurity,  that  contributes  to  the  embrittlement  of 
tungsten  and  tungsten  alloys,  is  hydrogen.  Hydrogen  embrittlement  has  been 
observed  in  metallic  alloys  of  hexagonal  close-packed,  face  centered  cubic, 
and  body  centered  cubic  crystalline  structures  and  even  in  amorphous  alloys. 
In  particular,  the  hydrogen  embrittlement  susceptibility  of  the  body 
centered  cubic  metals  a-iron  and  the  group  VA  elements  have  been  well 
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documented.  However ,  the  body-oentered  cubic  group  VIA  refractory  elements 
have  been  considered  the  exception  with  very  little,  if  not  any, 
susceptibility  to  hydrogen  embrittlement.  However,  recent  investigations  on 
chromium  and  molybdenum  have  shown  otherwise  and  this  leads  us  to  believe 
that  there  would  be  an  effect  of  hydrogen  charging  on  the  mechanloal 
properties  of  tungsten. 

F.E.  Scyeryenle  CM. 42]  and  H.C.  Rogers  studied  the  effects  of  hydrogen 
embrittlement  of  tungsten  base  heavy  alloys.  The  tested  alloys  of  W-Cu-NMi 
and  W-Fe-Ni  that  were  heat  treated  in  hydrogen  and  then  quenched  in  water 
under  an  atmosphere  of  hydrogen,  before  tensile  testing  the  samples.  They 
found  that  the  effect  of  hydrogen  heat  treatment  varied  with  alloy 
composition  the  yield  strength  of  all  alloys  remained  unchanged.  A  90W- YNi- 
3Fe  alloy,  however,  showed  a  significant  amount  of  strain  rate  sensitivity 
of  ductility,  as  shown  in  Fig.  4.61  as  compared  to  the  90W-5Ni-5Fe  alloy  in 
Fig.  4.6C. 

The  effects  of  small  additions  of  hydrogen  on  the  mechanical  properties 
of  W  was  investigated  by  H.K.  Birnbauo  [4.43]  et  al .  They  found  that  the 
effect  of  hydrogen  on  group  VA  metals  far  outweighed  the  effect  on  VIA 
metals  and  this  was  attributed  to  the  fact  that  the  W  system  does  not  have 
any  known  hydride,  a  positive  heat  of  solution  in  equilibrium  with  the 
hydrogen  gas  phase,  and  a  hydrogen  solid  solubility  which  is  extremely  small 
even  at  rather  high  temperatures.  The  effect  of  other  impurities  like,  0, 
N,  and  C,  during  hydrogen  treatment  have  been  found  to  be  of  greater 
significance  than  embrittlement  by  hydrogen.  Further  investigation  [4.44] 
of  hydrogen  embrittlement  of  group  VIA  metals,  resulted  in  the  fact  that 
under  conditions  of  simultaneous  tension  testing  and  cathodic  charging,  the 
hydrogen  was  present  at  high  fugadty  at  the  tip  of  a  crack  or  other  stress 
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concentrations.  Thus,  hydrogen  entry  Into  the  lattioe  in  relatively  high 
oonoentrationa  was  possible  at  the  point  where  it  is  most  effective  in 
causing  fracture,  the  oraok  tip.  Only  under  such  oonditons  will  there  be 
significant  hydrogen  embrittlement  in  Mo  and  W.  A  similar  oonolusion  was 
drawn  [4.45]  when  T.M.  Devine  studied  the  hydrogen  cracking  of  218  tungsten 
wire.  He  found  that,  in  view  of  the  supposedly  low  mobility  of  hydrogen  in 
molybdenum,  as  well  as  the  apparent  immunity  of  unnotohed  tungsten  samples 
to  embrittlement,  the  craok  initiation  time  and  its  relative  insensitivity 
to  applied  stress  Is  the  result  of  the  entry  of  hydrogen  as  the  rate 
controlling  step  into  the  metal  at  the  notch  root  and  the  accumulation  of  a 
critical  amount  in  the  highly  stressed  region  ahead  of  the  notoh. 

As  we  are  studying  tungsten  base  heavy  alloys  and  as  it.  has  been 
reported  that  there  is  seme  effect  of  hydrogen  on  such  alloys,  it  appears 
that  a  study  on  the  hydrogen  embrittlement  of  W,  Re  and  W,  Re,  ThOa,  HfC 
alloys  would  merit  attention  to  acme  extent. 

4.5.10  Recommendations  for  future  activities  on  mechanical  testing  and 
related  topics 

High  temperature  testing  should  be  conducted  on  W,Re  alloys  with 
separate  components  ThOa  and  HfC.  This  would  make  the  optimization 
procedure  more  effective  and  would  provide  a  completeness  to  the  study. 

A  high  temperature  tensile  stage  should  be  built,  that  is  capable  of 
transferring  the  fractured  specimen  directly  to  the  Auger  chamber  for 
analysis.  This  would  prevent  atmospheric  contamination  of  the  fractured 
surface  which  might  lead  to  distorted  conclusions  regarding  fracture 
characteristics . 

The  induction  heating  system  that  was  built  for  calibrating  the 
pyrometer  temperature  should  be  modified  so  that  it  could  be  used  as  a 
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vacuum  annealing  system,  Thia  will  alao  enable  one  to  study  the  duotile- 
brittle  tranaition  temperaturee  of  varloua  nateriala  aa  teoperaturea  below 
800*C,  oould  alao  be  measured  uaing  W-Re  thermocouples. 

The  grips  used  in  the  tensile  stage  should  be  modified  to  reoeive  wires 
ao  that  tensile  testing  on  wires  oould  be  oarried  out  at  elevated 
temperatures.  It  ia  easier  to  heat  up  a  wire  than  to  heat  up  a  naas  of 
material  using  resistance  heating. 
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Derivation  of  the  Riehardson-Duahman  Equation 

■' onaider  an  electron  gaa  in  equilibrium  with  a  hot  conductor.  If  we 
ki  ne  pressure  of  the  gaa,  from  klnetio  theory  we  will  know  how  many 
electrons  will  strike  on  a  unit  area  of  hot  conduct or/ sec.  The  electrons 
that  are  absorbed  must  be  compensated  for  by  those  that  are  emitted.  Thus 
the  fraction  of  emitted  electrons  are  1-r  where  r  is  the  so-oalled  mean 
reflection  coefficient. 

To  get  the  pressure  of  the  external  electron  gas,  consider  a  Carnot 
Engine  operating  between  two  temperatures  T  and  T+dT,  that  evaporates 
material  from  the  saturated  liquid  state  to  the  satirated  vapor  state  during 
the  heat  addition  process.  The  efficiency  of  such  an  engineer  is 
approximately 

work  out  vfgdp  dT 

\  *  k..t  supplied  *  "KT"  *  r  (,) 

or  hfg  *  vfg  ,T’  If  <2) 

which  is  the  Clauslus-Clopcyron  Equation.  The  molecular  voltne  of  the 
external  electron  gaa  is 
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From  (2)  we  get 
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We  know  that  speolfic  heat 
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Thus  for  a  subliming  solid, 
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Using  the  principle  of  equi partition  of  energy  states,  elementary  olasaical 
meohani  os  and  Thermodynamics ,  we  can  show  that  the  total  energy  of  N 
moleoules  is 
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From  thermodynamio  considerations  of  a  perfect  gas, 


(7) 

(8) 

(9) 


CP  ’ 


and  so 


(10) 


for  a  monatonic  gas.  (6)  is  now  written  as 
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Substituting  (13)  in  (4)  we  get 
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Integrating, 


in  p  -  -  h0/RT  ♦  |  lu  T  ♦  C  (15) 

or  p  -  T5/2  exp.  C-h0/RT]exp(C)  Cl 6) 

The  number  of  particles  N,  striking  a  unit  area  of  wall  per  unit  time  coning 
in  from  all  directions  with  all  speeds  is 

»'Wv  (17) 

where  n  -  p/kT  (18) 

Making  the  usual  kinetic  theory  assumption  of  a  Maxwellian  distribution,  the 
mean  speed  is 

uav  *  C8kT/inn]1/2  09) 

The  above  Equations  may  be  combined  to  give 

•  1  JO 

N  -  p/(2irkT)  (20) 

1  /2 

Eqtn.  (16)  can  be  converted  into  a  current  Eqtn.  by  dividing  by  (2irmkT) 
the  traction  of  emitted  electrons  are  (1-r)  of  those  that  impinge  on  the 
emitter;  thus  the  emission  current  is 

J  -  (1-r)A0  T1  exp.[-h0/(RT)]  (21) 

Assuming  r  is  independent  of  temperature,  we  have 

J  -  A,T1exp[-h0/RT ) ]  (22) 

Where  A,  is  the  emission  constant. 


Now 


*- 


J  -  A,T*  exp.  [“♦/(kT)3 
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(23) 

(2H) 


which  Is  the  R i char ds on- D ashman  Equation, 
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APPENDIX-4 .2 


Nomenclature 


r 

1-r 

T 


fg 


Jfg 


R 

P 

C 


N 

f 

n» 

e 


int 


'int 


v 

h« 


av 


-  mean  reflection  coefficient. 

-  fraction  of  emitted  electrons. 

-  Temperature  (Lower)  of  Carnot  engine. 

-  theoretical  efficiency. 

-  latent  heat  of  evaporation  one  mole  of  electrons. 


-  Increase  In  volume  of  the  system  accompanying  the  evaporation  of 
this  quantity  of  electrons. 


-  The  gas  constant. 

-  Pressure  of  the  gas . 

-  specific  heat  of  constant  pressure. 

-  Specific  heat  of  oonstant  pressure  of  subliming  solid. 

-  total  number  of  molecules. 

-  mean  total  energy  per  molecule. 

-  number  of  degrees  of  freedom. 

-  number  of  moles. 

-  internal  energy  of  the  gas. 


-  internal  energy  per  mole  of  the  gas. 


-  molal  specific  heat  at  constant  volume. 

-  constant  of  integration. 

-  number  of  particles  striking  unit  area  of  the  wall  per  unit  time. 

-  number  of  particles  per  volume. 

-  arithmetic  mean  speed. 

-  Boltzmann  oonstant 

-  mass  of  the  particle. 

-  emission  ourrent. 

-  emission  constant  -  120  Amps./cm*/°K* 
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<t»  -  work  function 

o  -  Stress  or  force  per  unit  area. 

e  -  Strain  on  fractional  deformation. 

E  -  Elastic  modulus  on  the  ratio  of  stress  to  strain. 

o  -  yield  strength  representing  resistance  to  initial  plastic 

y  deformation. 

ot  ~  Tensile  strength  representing  the  maximum  strength. 

ef  -  Elongation  or  the  ratio  of  change  in  length  to  the  original  length. 

R  of  A  -  Reduction  of  Area  as  the  ratio  of  change  in  cross  sectional  area  to 

the  original  area. 

E  -  Energy. 

Ef  -  Fermi  energy  level. 

h  -  Plancks’s  constant. 

v  -  frequency  of  electromagnetic  waves. 

K _  -  maximun  of  energy  of  the  electron. 

SuaX 

M  -  Magnification 

A„  -  Area  of  collector, 
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V.  EMISSIVm  DATA  FOR  METALS  AT  HIGH  TEMPERATURES 

5 . 1  ABSTRACT 

A  photon  counting  pyrometer  has  been  built  at  Arizona  State  University 
based  upon  a  similar  device  originated  by  Dr.  E.  K.  Storms  at  Los  Alamos 
National  Laboratories.  The  pyrometers  have  proven  accurate  to  ±1°  K  at 
2000°  K.  Emissivity  data  at  high  temperatures  for  hafnium,  iridium, 
molybdenum,  nobium,  ruthenium,  tantalus,  tungsten  and  alloys  of  Hf,  3<”Zr 
and  Nb,  45%-Ir  have  been  generated  with  this  pyrometer.  The  relationship  of 
the  emissivity  to  surface  condition,  grain  size,  alloying,  crystal 
orientation  and  temperature  are  elements  of  investigation  in  this  report. 
Requirements  for  high  temperature  materials  for  space  systems  such  as 
thermionic  energy  converters  requires  accurate  thermal  radiation  data,  in 
particular  emissivity,  which  is  the  primary  objective  of  this  work. 
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5.2  INTRODUCTION 

The  searoh  for  thermodynamic  properties  of  various  materials  has  proven 
to  be  a  never  ending  process  for  the  experimental  engineer  and  physicist. 
Every  experiment  and  every  calculated  correlation  of  data  relies  to  some 
degree  on  the  accuracy  of  the  data  published  for  the  particular  materials  in 
sue  at  the  time.  As  time  has  progressed  the  materials  have  become 
Increasingly  rare  and  much  more  specified  in  their  uses.  Requirements  have 
specified  higher  temperatures,  more  stable  compositions,  and  various 
mixtures  of  properties. 

The  temperatures  of  the  materials  used  in  thermionic  energy  conversion 
diodes  are  routinely  over  2000  degrees  Kelvin,  with  some  reaching  3000 
degrees.  At  these  temperatures  the  properties  of  the  materials  used  in  the 
diodes  are  very  difficult  to  find  in  published  material.  Since  the  measured 
efficiency  of  a  diode  is  dependent  upon  the  radiation  losses  and  the 
radiation  heat  transfer  between  materials,  the  emissivity  of  the  diode 
material  is  a  very  important  property  in  the  prediction  of  diode 
performance . 

A  thorough  research  of  current  published  data  was  made  ,in  order  to 
determine  the  extent  of  the  problem  in  determining  the  exact  properties  of. 
thermionic  diode  materials  at  very  high  temperatures.  The  first  sources 
Identified  were  the  collected  works  of  Gubareff,  Janssen  and  Tor  burg  [5.1] 
and  the  well  known  compilation  of  data  by  Touloukian  and  DeWitt  [5.2]. 
These  comprehensive  publications  are  standard  references  for  many  radiation 
properties  and  have  been  in  use  for  many  years.  Both  publications  contain  a 
wealth  of  data  in  the  higher  temperature  ranges  for  the  more  common 
materials  such  as  tungsten,  tantalum,  and  molybdenum.  Another  search 
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produced  more  publications  of  data  that  would  substantiate  tha  oollaotad 
data  and  provide  information  on  the  lees  tested  materials. 

The  data  was  assembled  and  a  oommon  problem  emerged.  Baoh  paper  or 
series  of  papers  dealt  with  materials  suitable  for  use  in  a  speoifio  field. 
For  example,  Kenisarin  [5.3]  studied  different  materials  in  order  to  find  a 
new  high  temperature  standard  to  replaoe  the  Gold  furnaoe  presently  in  use. 
Ratanapupech  and  Bautista  [t]  measured  the  emlsslvlty  of  metals  and  their 
alloys  in  a  molten  state  so  that  the  temperature  of  a  melt  oould  be 
accurately  determined.  The  materials  used  in  thermlonio  diodes  were  not 
usually  considered. 

Several  theories  on  the  behavior  of  the  emlsslvlty  were  also 
discovered.  Ratanapupech  and  Bautista  [5.4]  produced  an  expression  that 
related  the  emissivity  of  a  liquid  metal  alloy  to  the  emissivities  of  the 
parent  metals.  If  this  could  be  extended  to  solid  alloys  the  testing  of 
every  alloy  mixture  of  two  materials  would  not  be  required.  Dimltriev  and 
Chistyakova  [5.5]  described  the  dependence  of  the  emlsslvlty  of  metals  on 
the  temperature  and  wavelength.  L.  K,  Thomas  [6]  estimated  the  wavelength 
dependence  of  the  emissivity  of  tungsten  and  molybdenum  alloys  on  the  Fermi 
energy  levels  of  the  materials.  The  ability  to  calculate  the  emissivity  of 
a  material  seemed  to  be  possible. 

The  problem  was  defined.  Experimentally  determine  the  emissivity  for 
materials  currently  under  study  for  use  in  thermionic  diode  energy 
conversion.  The  measured  data  was  examined  for  any  correlations  that  may 
permit  the  prediction  of  the  emissivity  of  a  material  without  experimental 
measurement.  The  dependence  of  the  emissivity  on  the  temperature,  crystal 
structure,  crystal  orientation,  surface  preparation,  grain  struoture  and 
annealing  process  were  investigated. 
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Symbols 

A  sttsnustlon  f set or 

«  emitted  energy 

R  pyrometer  count  rate 

T  temperature 

Y  dead  time  of  photomultiplier 

c  emisaivity 

X  wavelength 

C|  Planck’ a  firat  oonatant 

C,  Planok'a  second  oonatant 

Subscripts 

C  of  calibration  furnace  (oorreoted) 

S  of  specimen  (corrected) 

I  filter  number 

M  measured  value 

A  spectrally  dependent 
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5.3  EQUIPMENT 
5.3.1  Pyrcmeter 

Once  the  requirement  for  temperature  and  thermal  radiation  measurement 
at  very  high  temperatures  was  established  the  instruments  necessary  for  the 
tas  at  hand  were  sought.  A  survey  of  ourrent  high  temperature  measurement 
devioes  produced  several  types  of  optical  pyrometer. 

Each  of  the  pyrometers  studied  has  its  own  shortcomings  and  advantages. 
The  first  pyrometer  considered  is  the  disappearing  filament  pyrometer.  This 
devloe  has  been  used  for  years  in  situations  where  the  temperatures  of  a 
material  are  not  measurable  by  thermocouples..  This  pyrometer  operates  on 
the  comparison  principal,  where  the  intensity  of  the  sample  is  compared  to  a 
heated  filament  wire  that  is  within  the  pyrometer.  When  the  filament  is 
heated  to  the  same  temperature  as  the  target  it  disappears.  Filters  may  be 
used  to  restrict  the  inoomlng  radiation  to  a  single  wavelength,  increasing 
the  accuracy  by  elimination  of  the  wavelength  as  a  variable.  These 
pyrometers  are  extremely  accurate  in  the  temperature  range  at  which  the 
instrument  is  calibrated.  The  accuracy  suffers  as  the  temperature  varies 
from  the  calibration  temperature.  This  is  not  usually  critical  sinoe  the 
instrument  may  be  readily  recalibrated,  but,  it  is  vary  time  consuming  when 
wide  temperature  ranges  are  being  measured. 

The  major  error  in  this  pyrometer  is  the  operator  himself.  The 
operator  must  compare  the  color  of  the  reference  filament  in  the  pyrometer 
with  the  color  of  the  test  sample.  Color  perception  and  focusing  are 
individual  qualities  of  each  person.  Several  measurements  of  temperatures 
with  this  type  of  pyrometer  have  been  recorded  as  a  temperature  range 
instead  of  a  specific  temperature.  Branstetter  and  Schaal  [5.7]  plotted  the 
emissivitles  measured  with  a  disappearing  filament  for  a  comparison  to  the 
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target  temperature.  The  difference  between  the  autcmatlo  pyrometer  and  tha 
disappearing  filament  pyrometer  ia  tha  dataotlon  davloa.  Instaad  of  an 
optioal  oonpariaon  by  tha  oparator  a  photomultiplier  la  uaad  to  conpara  tha 
emission  of  tha  filaaant  and  tha  aaapla.  Tha  oooparlaon  la  parformad  at 
high  apaad  by  tha  manipulation  of  mirrors,  ahuttara  or  both.  Thla  typa  of 
davloa  la  uaad  by  aavaral  of  tha  national  buraaua  of  atandards  of  othar 
oountrlaa  CIO,  11]  and  la  also  tntarfa'oad  to  mlorooonputara  [5.8,5,11] 
providing  tha  poaslblllty  for  oomplataly  automatic  laboratory  functioning 
baaed  on  the  pyrcoeter  readings. 

Initial  work  In  the  field  of  thermlonlo  emissions  brought  oontaot  with 
E.  K.  Storms  [5.12],  from  Los  Almnos  National  Laboratory,  who  encountered 
this  same  problem  in  his  work  on  the  determination  of  work  functions  of 
materials  at  high  temperatures.  His  solution  removed  tha  reference  heating 
filament  from  the  automatic  pyrometer.  Tha  photomultiplier  recorded  the 
el ectro-magnetlo  radiation  emitted  by  a  target  directly.  The  thermal 
radiation  emitted  by  a  material  is  related  to  the  temperature  of  the 
material  by  Wien's  approximation 

eA  -  2  C,/X*  exp<C,/XT)  (5.D 

Given  a  measurement  of  the  emitted  energy  the  temperature  can  then  be 
compared  to  the  energy  emitted  by  a  calibrated  source.  Prom  Wen's  formula 
two  equations  are  developed,  one  for  the  energy  emitted  by  the  calibrated 
source  and  another  for  the  energy  emitted  by  the  speolmen  being  measured. 

ec  -  2  Cj/X*  exp(C,/XT0)  (5.2) 


«s  -  2  C^X*  exp(C,/XTg) 


(5.3) 
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Th«  ratio  of  emitted  anargy  for  tha  oallbratod  aouroa  to  tha  emitted  anargy 
for  tha  unto own  aouroa  oan  than  ba  found. 

ac/as  -  axp(Ct/XTs  -  C,/XTC>  (5.4) 

Solving  for  tha  unknown  temperature  yields 

Ts  -  1 /C < In  ac/as)  X/C2  ♦  i/Tc3  •  (5.5) 

Tha  instrument  haa  provan  aoourata  to  within  ±2*  K  at  2000*  K  without 
raoallbratlon  at  any  of  tha  hlghar  temperatures.  Tha  output  la  digitized, 
resulting  In  tha  ability  to  reoord  tha  taaparaturaa  by  ainply  oonnaotlng  a 
prlntar  or  digital  atoraga  davloa.  Slnoa  thia  oat  all  of  tha  requirements 
of  tha  axparlmant  a  pul a a  counting  pyroaatar  waa  oonatruotad. 

Tha  oonatruotlon  of  a  pulaa  oounting  pyroaatar  waa  tha  naxt  ordar  of 
buaineaa.  Tha  datalla  of  tha  oonatruotlon  and  oparatlon  of  tha  pyroaatar 
are  outlinad  In  appendix  A.  Tha  photomulti pilar  maaauraa  a  selected  mount 
of  radiation  dataralnad  by  the  optloal  aaambly.  This  assembly  allows  fort 
1.  aalaotion  of  tha  wavelength  of  radiation  to  ba  sampled,  2.  selection  of 
tha  aize  of  tha  sample  area  to  ba  measured,  3.  a  ranging,  measurement  of 
broad  temperature  ranges,  and  4.  the  ability  to  aim  the  pyrcmeter  at  the 
desired  sample  area. 

Tha  individual  parts  of  the  optical  processing  assembly  are  labeled  In 
Fig.  5.1.  The  thermal  radiation  from  the  test  specimen  enters  the  oamera 
lens  (a)  where  the  image  is  focused  into  the  optical  assembly.  An 
interference  filter  (b)  restricting  the  Incoming  radiation  to  a  speolflo 
wavelength.  A  filter  operating  at  a  wavelength  of  535nm  is  used  in  thia 
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The  image  of  the  a  pool  non  la  foused  onto  a  nickel  mirror  (o).  Th« 
mirror  serves  thraa  purpoaaa.  An  aparatura  .1mm  in  diameter  la  drlllad  In 
tha  oantar  of  tha  mirror.  Tha  aparatura  raatrlots  the  amount  of  radiation 
that  la  admitted  to  tha  photomulti pilar  tuba.  Tha  aparatura  also  allows  tha 
pyrcmetar  to  ba  almad  at  a  vary  small  arsa  on  tha  tast  spaoiman.  Finally 
tha  mirror  ltaalf  la  uaad  to  aim  tha  pyromatar  at  tha  taat  spaoiman.  A  6 
powar  ayaplaoa  la  uaad  for  the  aiming  prooeas  (d). 

Tha  filter  section  (a)  is  oomposed  of  thraa  neutral  density  filters 
sal  act  able  with  a  lever  on  tha  side  of  tha  pyrcmetar.  The  three  different 
filters  attenuate  the  level  of  the  radiation  entering  the  photomultiplier 
tube,  the  attenuation  provides  three  ranges  of  pyrometer  operation 
permitting  tha  measurement  of  temperatures  from  10C0  to  3000°K. 

The  photomultiplier  (f )  converts  the  thermal  radiation  into  a  series  of 
electrical  pulses.  These  pulses  differ  in  voltage  corresponding  to  the 
level  of  energy  of  the  photons  detected  by  the  photomultiplier.  The  pulses 
are  processed  by  a  Princeton  Applied  Research  [5.13]  Model  1121 
Discriminator-Amplifier  (g).  The  discriminator  section  produces  a  signal 
based  on  the  photomultiplier  output.  The  amplifier  section  amplifies  the 
discriminator  output  to  a  level  compatible  with  the  counting  equipment.  The 
output  from  the  discriminator-amplifier  if  fed  into  a  Hewlett-Packard  [5. 11*] 
Model  5308  Frequency  Counter-Timer  (h).  The  frequency  counter  displays  the 
number  of  pulses  produced  by  the  discriminator- am  pi  if  ier  in  the  form  of  a 
frequency  (counts  per  second).  The  displayed  reading  is  the  measured  count 
rata.  The  count  rate  is  corrected  and  then  converted  to  a  temperature  value 
or  is  used  as  is  in  emisslvity  calculations.  Each  of  these  processes  are 
discussed  in  the  procedures  section. 
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5.3.2  Vaouun  System 

The  tasting  of  materials  at  vary  high  temperatures  required  a  vacuum 

system  to  prevent  the  oxidation  of  the  materials.  Shvr  and  Peletskii  [5.153 

found  that  the  minimum  vaouum  required  to  prevent  this  oxidation  was  a 
_  • 

pressure  of  3x10  Terr.  A  vaouum  system  that  would  reaoh  this  level  was 
readily  available  in  the  form  of  a  diffusion  pump  and  bell  Jar  vaouum 
chamber.  The  system  is  very  fast  and  simple  to  operate. 

5.3.3  Heating  Apparatus 

The  heating  method  used  in  this  series  of  experiments  is  electron 
bombardment  (Fig.  5.2).  This  method  uses  a  tungsten  heating  filament  (a) 
that  is  heated  by  an  AC  current.  The  heating  of  the  filament  causes  the 
"boiling  off"  of  high  energy  electrons  from  the  surface  of  the  filament  (b). 
The  freed  electrons  are  propelled  toward  the  specimen  by  applying  a  hitfi 
voltage  potential  (c)  between  the  filament  and  the  sample.  The  energy 
imparted  to  the  sample  by  the  impact  of  the  hitft  energy  electrons  heats  the 
sample  to  very  high  temperatures .  The  power  supply  used  in  this  apparatus 
incorporates  a  10  Kilovolt  DC  supply  operating  at  up  to  0.5  Amperes  [5.16]. 
This  DC  high  voltage  is  the  gr  ound  level  for  an  AC  power  supply  operating  at 
up  to  10  Volts  and  20  Amperes.  The  AC  supply  provides  the  current  to  heat 
the  tungsten  filament  and  boll  off  the  electrons  while  the  DC  supply 
provides  the  high  voltage  potential  between  the  filament  and  the  test 
specimen. 


5.3.1*  Sample  Preparation 

The  materials  used  in  this  series  of  tests  were  selected  based  on 
availability  and  on  their  projected  use  in  thermionic  diode  energy 
conversion  research.  The  materials  were  hafnium,  iridium,  molybdenum, 
niobium,  ruthenium,  tantalum,  tungsten  and  two  alloys,  Nb,  45<-Ir  and  Hf , 
3J-Zr  (percentage  based  on  atomic  weight). 

Each  sample  was  approximately  2mm  thick  and  12  to  20mm  in  diameter.  A 
hohlraun  1mm  in  diameter  and  10mm  deep  was  drilled  through  the  edge  of  the 
sample  by  electrical  discharge  machining  (for  the  smaller  diameter  samples 
the  hole  was  0.6mm  dia.  and  6mm  deep).  The  hohlraum  was  parallel  to  each 
flat  surface  and  passed  thorough  the  center  of  the  sample  (Fig.  5.3).  The 
sample  test  area  was  polished  with  one  or  more  grades  of  polishing  compound: 
600  grit  carborundum  wet/dry  abrasive  paper,  3  micron  diamond  or  0.5  micron 
diamond  lapping  compound.  The  test  area  produced  by  the  polishing  was  on  a 
plane  perpendicular  to  the  hohlraun  centerline.  The  sample  was  bonded  to  a 
tantalum  holder  and  placed  in  the  test  apparatus  mounted  to  the  vacuum 
chamber  (Fig.  5.3d). 


5.4  PROCEDURE 


Two  steps  were  made  before  any  of  the  measurements  were  taken.  These 
were  simple  precautions  to  ins.ure  the  proper  functioning  of  the  pyrometer 
and  the  validity  of  the  measured  data.  First  the  attenuation  of  the  bell 
jar  was  measured.  A  constant  temperature  source  was  placed  in  the  vacuum 
chamber.  The  pyrometer  measured  the  emission  of  the  source.  The  bell  Jar 
was  then  placed  in  position  and  a  second  measurement  was  made.  The  ratio  of 
these  two  measurements  was  included  in  the  attentuation  values  for  the 
pyrometer  filters  (see  Appendix  A). 

The  next  step  was  the  verification  of  the  actual  sample  area  of  the 
pulse  counting  pyrometer.  There  was  seme  doubt  on  my  part  as  to  the  actual 
area  of  the  sample  that  was  measured  by  the  pyrometer.  A  niobium  sample  was 
prepared  with  three  different  diameter  hohlrauns:  1.4mm,  0.7mm  and  0.4mm. 
The  1.4mm  hohlraum  was  only  drilled  to  a  depth  of  10mm  because  of  the  size 
of  the  sample.  The  face  of  the  sample  was  polished  to  provide  a  uniform 
surface  around  each  of  the  hohlrauns.  The  sample  was  heated  to  1500°  K  and 
allowed  to  stabilize  for  a  period  of  1  hour.  The  emission  of  the  sample  was 
measured  for  10  minutes  to  confirm  that  the  temperature  was  stable. 
Measurements  of  each  of  the  three  hohlrauns  were  made.  The  pyrometer  was  a 
fixed  distance  from  the  sample.  The  smallest  emission  measured  was  at  the 
largest  (1 .4mm)hohlraum.  This  procedure  confirmed  the  size  of  the  sample 
area  of  the  pyrometer  to  be  approximately  0.4mm  at  a  distance  of  200mm  from 
the  sample. 

The  objectives  of  the  test  measurements  were  considered  during  the 
conduct  of  the  heating  process.  The  evaluation  of  the  emisslvity  data 
required  a  knowledge  of  the  changes  that  occurred  in  the  emisslvity  and  the 
material  surface  condition  from  the  initial  heating  through  extended 
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exposure  to  temperatures  above  2000°  K.  The  data  asseabled  would  reveal  the 
change  In  microscopic  surface  condition  and  the  effect  that  this  ohange  had 
on  the  emissivity  of  the  material. 

Two  different  heating  processes  were  used  to  examine  different  effects 
on  the  emissivity  and  the  surface  conditions.  Tungsten  was  used  to  test  the 
effect  of  annealing  on  the  emissivity  and  tantalum  was  used  to  test  the 
effect  of  the  surface  preparation  on  the  emissivity.  The  annealing  process 
prescribed  in  many  of  the  papers  [5. 6,5.7,*).  15]  included  very  long  periods 
of  time  under  extremely  high  temperatures.  Neuer  and  Worner  [5.17],  in 
their  study  of  the  emissivity  of  steel  alloys,  carefully  observed  the  time 
and  temperature  dependence  of  the  annealing  effect  concluding  that  the 
annealing  process  was  very  fast.  Host  materials  showed  a  change  immediately 
after  applying  the  heat.  The  annealing  effect  was  complete  after  a  maximum 
of  30  minutes  at  fairly  low  temperatures.  The  annealing  effect  at  elevated 
temperatures  was  complete  after  1 0~20  Minutes .  The  examination  of  this 
process  in  the  tungsten  sample  would  require  slow  heating  with  frequent 
emissivity  measurements. 

The  sample  was  initially  heated  to  approximately  1300'*  K.  Emissivity 
measurements  were  then  taken  up  to  a  temperature  of  2100°  K.  The 
temperature  of  the  sample  was  decreased  and  stabilized  at  approximately 
1500°  K  for  a  period  of  2  hours.  This  annealing  temperature  was  chosen 
based  on  results  obtained  by  Shur  and  Peletskii  in  their  measurements  on  the 
emissivity  of  titanium  and  titanium  iodid  [5.15].  The  time  factor  chosen 
was  half  of  the  time  used  in  their  testing.  The  emissivity  measurement 
continued  from  1100  up  to  2400°K. 

The  other  heating  procedure  was  designed  to  optimize  the  time  of  the 
test  and  allow  checking  for  an  annealing  effect  in  the  material.  Each 
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sample  was  heated  to  approximately  1500°  K  for  a  period  of  30  minutes,  the 
temperature  was  deoreased  to  1100°  K  where  emlsslvlty  measurements  began. 
The  temperature  was  increased  and  emlsslvlty  measurements  made  up  to  2400° 
K.  The  temperature  was  decreased  to  approximately  2000,  1800,  ? 600  and 
1400°  K  and  emlsslvlty  measurements  were  taken.  The  second  set  of 
measurements  recorded  any  change  In  the  surface  condition.  The  effeot  of 
the  crystal  orientation  on  the  emlsslvlty  of  a  material  was  evaluated  using 
a  niobium  single  crystal  speoimen.  This  sample  was  polished  on  three  faces 
45°  apart.  The  emlsslvlty  of  each  face  was  measured  at  every  temperature 
level. 

The  recorded  measurements  of  the  pyrometer  must  be  corrected  for  the 
dead  time  of  the  photomultiplier  and  for  the  attenuation  of  the  bell  Jar  and 
filters.  The  corrected  count  rates  are  converted  Into  the  temperature  and 
emlsslvlty  values.  The  dead  time  and  attenuation  values  are  obtained 
experimentally.  The  process  for  obtaining  these  values  Is  described  in 
Appendix  5.9.  The  corrected  count  rate  is  found  from  the  expression 

Rs  -  a  ryo-YRn)  (5.6) 

The  temperature  is  related  to  the  corrected  count  rate  through  Wien's 
approximation 

Tg  -  1 /C ( in  Rc/Rs)  A/C*  +  1/TC]  (5.7) 

The  emlsslvlty  of  a  material  is  defined  as  the  energy  emitted  from  a 
surface  compared  to  the  energy  emitted  by  a  black  body  at  the  same 
temperature  and  wavelength.  Since  the  pyrometer  measures  a  relative  level 
of  emitted  energy,  the  emlsslvlty  is  a  simple  comparison  of  the  corrected 
count  rates  measured  at  the  hohlraun  and  at  the  surface 
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CX  "  VRH  (5.8) 

5.5  ERROR  REDUCTION 

The  measurement  of  any  quantity  involves  com  pari  yon  of  the  measurement 
in  one  set  of  conditions  to  a  reoognized  standard  of  measurement.  This 
series  of  tests  Involves  two  measurements,  the  sample  temperature  and 
emmissivity.  Both  of  the  measurements  are  dependent  on  the  aoouraoy  of  the 
pulse  counting  pyrometer.  The  errors  associated  with  the  operation  of  the 
photomultiplier  are  disoussed  in  detail  in  Appendix  5.9  The  effect  of  these 
errors  on  the  test  results  are  discussed  in  this  aeotion.  Other  errors  in 
emissivity  and  temperature  measurement  are  also  presented,  as  well  as  the 
steps  taken  to  reduce  the  effects  cf  those  errors. 

5.5.1  Pyrometer  Error 

The  pyrometer  contains  two  sources  of  error.  The  calibration  is  the 
first  source  of  error  in  any  type  of  measuring  device.  Pyrometers  are 
normally  calibrated  against  a  tungsten  strip  lamp  resident  in  the 
laboratory.  The  strip  lamp  is  salt  to  the  National  Bureau  of  Standard  for 
calibration  against  the  national  temperature  standards.  The  national 
temperature  standards  are  calibrated  against  a  gold  furnace,  the 
international  standard  for  high  tuaperature  calibration.  The  strip  lamp  is 
then  lnstallod  in  the  laboratory  in  a  controlled  environment  chamber  with  an 
adjustable  power  supply. 

The  possibility  of  error  introduced  by  this  system  is  enormous.  The 
extension  of  the  gold  standard  to  very  high  temperatures  introduces  an  error 
that  has  been  discussed  in  many  papers.  Keni sarin  [5. 3],  Jones  and  Tapping 
[5.18]  and  Rufflno  [5.19]  have  all  proposed  the  use  of  a  different  material 
wich  a  higher  freezing  point  as  the  international  temperature  standard  for 


this  very  reason.  Also,  tvsry  transfer  of  the  initial  calibration  standard 
results  In  the  introduotion  of  a  small  error  in  temperature  measurement. 
The  lest  number  of  transfers  is  twot  one  from  a  gold  furnaoe  to  a  strip 
lamp  at  the  National  Bureau  of  Standard  and  the  other  from  that  strip  lamp 
to  the  user's  strip  lamp,  the  calibration  by  the  National  Bureau  of 
Standards  provides  the  user  with  a  sheet  of  temperature  readings  at  100°  K 
steps.  These  temperatures  are  recorded  for  a  pyrometer  using  a  wavelength 
of  .655  miorons.  The  pyrometer  is  calibrated  at  these  temperatures. 

The  calibration  of  the  pulse  counting  pyrometer  reduces  the  usual  level 
of  pyrometer  error  by  calibrating  the  device  with  a  copper  furnaoe  operated 
by  E.  K.  Storms  at  Los  Alamos  National  Laboratory  [5.12].  This  pyrometer 
also  operates  in  a  controlled  and  predictable  manner  above  the  copper 
melting  point.  The  result  is  a  pyrometer  that  is  accurate  to  less  than 
±1°  K  at  temperatures  above  2000°  K  [5.12]. 

5.5.2  Black  Body  Cavity 

The  hohlraum  drilled  into  the  edge  of  each  of  the  test  specimens  serves 
as  the  point  of  measurement  of  the  temperature  of  the  sample.  The  use  of 
hohlrauns  as  black  body  cavities  has  been  studied  at  great  length  for  its 
simplification  cf  the  measurement  of  very  high  temperatures.  Branstetter 
and  Schaal  at  NASA  Lewis  experimentally  measured  the  emissivltles  of  several 
geometries  of  cavity  [5.7].  The  results  indicated  that  a  cylindrical  cavity 
with  a  length  to  diameter  ratio  of  7  to  1  would  yield  an  emisalvity  of  .99. 
A  mathematical  formulation  of  the  same  problem  was  made  by  Y.  Ohwada  at  the 
Japanese  National  Research  Laboratory  of  Metrology.  His  results 
incorporated  both  isothermal  and  nonisothermal  cavities  of  cylindrical  and 
conical  geometries.  His  mathematical  formulation  for  isothermal  cavities 
indicated  an  emisalvity  of  .9938  [5.20].  The  evaluation  of  a  nonisothermal 
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oavlty  indloated  an  aniesivlty  of  .990  [5.21  ].  Tha  experimental  and 
mathematical  calculations  indicate  an  error  of  leas  than  IK  is  introduced  by 
the  assumption  of  the  hohlraums  as  blaok  oavities. 

5.5.3  Tanperature  Gradient 

The  measurement  of  the  ealsaivity  was  a  comparison  between  the  energy 
emitted  at  the  hohlrauo  to  the  energy  emitted  at  the  surfaoe.  an  error  was 
introduced  because  of  the  physical  method  used  to  make  the  energy  level 
measurements  at  the  hohlraum  and  the  surface.  The  measurement  of  both 
energy  levels  were  made  by  the  same  pulse  counting  pyrometer. 

The  hohlraum  was  measured  first  then  the  pyrometer  was  aimed  at  the 
surface  of  the  sample  to  obtain  the  surface  emission,  the  pyrometer  was 
again  aimed  at  the  hohlraum  for  a  second  temperature  measurement.  This 
process  required  a  certain  amount  of  time  to  perform.  The  normal  time 
required  for  hits  process  was  five  seconds  to  measure  the  temperature,  two 
seconds  to  move  the  pyrometer  and  stabilize  the  reading,  five  seconds  to 
measure  the  surface  emission,  two  seconds  to  move  the  pyrometer  again,  and 
five  seconds  to  measure  the  temperature  for  a  total  time  of  nineteen 
seconds.  This  length  of  time  was  enough  to  allow  the  power  supply  to  drift 
slightly  from  the  initial  value  causing  a  change  in  the  temperature  of  the 
sample.  The  temperature  change  was  usually  less  than  2°  K,  However,  the 
variation  did  reach  levels  of  10°  K.  The  evaluation  of  the  temperature  for 
each  emissivity  measurement  was  an  average  of  six  to  ten  readings  made  by 
the  pyrometer,  half  from  before  the  surfaoe  measurement  and  half  after.  Any 
data  recorded  that  had  a  temperature  change  of  more  than  5°  K  was  discarded. 
This  threshold  guaranteed  a  temperature  measurement  aoourate  to  within  1}  of 
the  temperature  of  the  surfaoe  at  the  time  of  the  surface  measurement. 
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The  o*l oul union  of  the  emissivity  presented  «  l*rg*r  error  than  that 
considered  for  tha  temperature  measurements .  The  source  of  this  error  was 
based  in  the  operational  oharaoteristios  of  the  pulse  oountlng  pyrometer. 
The  actual  number  of  pulses  oounted  at  higher  temperatures  (above  1500°  K) 
was  between  one  and  two  million  counts  per  seoond.  All  seven  of  the  digits 
were  reoorded  and  used  in  calculations.  A  1°  K  temperature  ohange  at  1500° 
K  caused  a  ohange  of  about  10,000  counts  per  seoond.  This  results  in  the 
high  accuracy  of  the  pulse  oountlng  pyrometer  for  measuring  temperatures. 
However,  this  also  causes  problems  with  any  temperature  instability  in  the 
test  specimen.  The  temperature  change  during  the  measurement  process 
described  above  resulted  in  a  large  difference  in  the  energy  readings  made 
by  the  pyrometer.  This  difference  affected  the  calculated  emissivity. 
Changing  the  temperature  by  5°  K  resulted  in  a  variation  of  the  calculated 
emissivity  by  St.  This  variation  increased  with  an  increase  in 
temperature.  Combining  all  of  the  factors  in  this  section  the  recorded  data 
should  be  accurate  to  approximately  1%. 

5.6  RESULTS 

Figures  5.^  through  5.9  show  the  measured  emissivity  of  the  materials 
tested.  Data  collected  from  other  papers  and  publications  are  shown  as 
bands  or  curves  of  emissivity  as  a  function  of  temperature.  Note  that  moat 
published  data  for  the  normal  spectral  emissivity  of  a  material  was  measured 
at  a  wavelength  of  .655  microns.  The  data  was  adjusted  to  a  wavelength  of 
.535  microns  by  Planck's  Law 

e‘  -  2  C1/U*Cexp(C,/XT  -  1)]} 
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Where  there  arc  aavaral  sour  oca  of  data  tha  emisslvltles  measured  In  this 
series  oonpara  favorably  with  the  raaulta  obtained  by  others.  Table  5.1 
lists  the  measured  data  for  eaoh  of  the  materials  tested. 

Figure  5.4  shows  the  plots  of  the  tungsten  data  and  the  expected  data 
for  this  wavelength.  The  data  for  the  polished  surfaoe  lies  within  the 
range  of  past  test  results,  verifying  the  experimental  method  being  used  and 
the  operation  of  the  pulse  counting  pyrometer.  Figures  5.5  and  5.6  show  the 
t  ant  alia  and  molybdenum  data  whioh  also  fall  near  the  expected  results. 

The  variable  with  the  greatest  effeot  on  the  emisslvlty  Is,  not 
surprisingly,  the  surfaoe  oondition.  With  various  surfaoe  preparation,  and 
before  annealing  took  plaoe,  the  emisslvlty  varies  by  more  than  403.  This 
Is  muoh  greater  than  the  differences  between  materials.  It  oan  also  be  seen 
from  the  tantalus  and  tungsten  plots  that  there  Is  a  definite  effeot  from 
the  annealing  prooess.  Curves  1  were  obtained  during  the  Initial  heating 
cycle.  Curves  2  were  obtained  after  a  period  of  2  hours  at  approximately 
1500°  K.  The  effects  of  the  annealing  prooess  oan  be  observed  both  in  the 
differences  in  emissivlties  and  in  a  comparison  of  the  surfaoe  condition 
before  and  after  the  heating  cycle.  The  before-and-after  inspections  of 
each  of  the  specimens  revealed  a  smoothing  effect  oaused  by  the  annealing 
process.  The  annealing  time  turned  out  to  be  muoh  less  than  reported  in 
various  other  experiments  [5.6,5.7,5.15].  Consultation  with  James  Morris 
(recently  at  NASA  Lewis,  currently  at  Arizona  St.  Univ.)  revealed  that  there 
seems  to  be  a  definite  relation  between  the  annealing  characteristics  of  the 
material  and  the  recrystallization  temperature  of  the  material.  Because  the 
measurements  were  taken  only  at  the  surface  the  effects  of  the 
recrystallization  process  made  themselves  known  within  minutes,  not  hours. 
This  is  supported  by  the  results  obtained  by  Neuer  and  Worner  in  their  tests 
on  steel  alloys  [5.17].  Due  to  different  definitions  of  the 
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Table  5.1.  Line  fit  of  emissivity  data  as  a 

function  of  temperature  (•  Kelvin). 
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Table  5,2 
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Table  5.2.  Emissivity  data  (continued) 
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reerystallization  tetaperature  a  definite  annealing  temperature  cannot  be 
defined.  A  guideline  of  0.4  times  the  melting  point  of  the  material  is  used 
for  evaluating  these  test  results. 

It  appears  that  a  linear  relationship  exists  between  the  normal 
spectral  emisslvity  of  seme  materials  and  the  temperature  of  the  material. 
Dimltriev  and  Chistyakova  [5.153  and  Zhorov  [5.22]  have  found  relationships 
for  the  emisslvity  of  a  material  as  a  function  of  temperature.  Since  the 
data  collected  here  is  linear  in  nature  a  least  squares  method  of  curve 
fitting  is  applied  to  each  of  the  plots  yielding  the  results  in  Table  5.2. 
Several  of  the  materials  were  sampled  over  too  small  a  temperature 
difference  to  provide  a  good  line  fit  of  the  data  (Ru,  Nb-Ir,  Hf,  Hf-Zr).  A 
future  investigation  in  other  wavelength  bands  could  yield  the  same  kind  of 
results.  L.  K.  Thomas  at  the  Westlnghouse  R  4  D  Center  predicted  the 
wavelength  dependence  of  material  emisslvity  based  on  the  Fermi  energy  level 
of  the  material  [5.6],  With  his  work  and  the  theory  set  forth  here,  it  may 
be  possible  to  describe  the  emisslvity  of  a  material  based  only  on  the 
material  properties  and  a  known  surface  environment. 

Ratanapupech  and  Bautista  [5.4]  determined  an  expression  for  the 
emisslvity  of  a  mixture  of  liquid  metals  in  terras  of  the  mole  fractions  and 
emissivities  of  the  elements  that  compose  the  mixture.  An  attempt  is  made 
to  find  a  similar  expression  for  solid  alloys.  The  results  of  the  alloy 
measurements  are  in  Fig.  5.7  and  5.8.  There  seems  to  be  no  relation  at  all 
between  the  emisslvity  of  a  solid  alloy  and  the  emissivities  of  the 
constituents.  Instead  the  surfaoe  condition  dominates  the  property  of 
emisslvity.  The  Nb,  Ir  plot  is  close  to  the  Nb  plot  at  low  temperature, then 
it  moves  toward  the  Ir  plot  as  the  temperature  rises.  The  melting  point  of 
the  material  was  reached  at  a  temperature  reading  of  2130°  K  (this  alloy  is 
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a  eutectic  with  a  melting  point  of  2137°  K).  The  Hf,  Zr  (Fig.  5.8)  alloy 
showed  a  strong  relationship  to  the  emissivity  plot  of  the  Hf.  This  oould 
be  a  function  of  the  small  percentage  of  Zr  in  this  particular  alloy,  the 
comparison  of  the  samples  after  testing  revealed  that  the  Hf  and  Hf  ,Zr  have 
completely  different  microscopic  surface  conditions.  Data  published  for 
other  alloys  (Mo-W,  W-Re,  W-Ta,  W-Nb,  Ta-Mo  among  others)  also  have  no 
relationship  to  the  properties  of  the  base  metals. 

The  relationship  of  the  emissivity  to  the  microscopic  surface  area  is 
hampered  because  of  problems  in  measurement  of  the  surface  roughness. 
Shestakov,  et.  al.  [5.23]  performed  an  analytical  evaluation  of  the  effect 
of  the  roughness  on  the  emissivity  but  did  not  provide  a  solution  for  the 
measurement  of  the  roughness  itself.  Neuer  and  Worner  [5.17]  performed  a 
regular  etching  of  steel  surfaces  using  the  electrical  machining  process. 
The  analytical  calculations  of  the  emissivity  of  these  samples  closely 
followed  the  experimental  results.  These  investigations  show  the 
possibility  of  calculating  the  emissivity  based  on  surface  condition,  the 
relationship  of  the  surface  roughness  to  the  emissivity  did  not  appear  in 
these  tests.  The  surface  roughness  caused  by  a  relatively  rough  polish  does 
not  prevail  over  the  annealing  effect. 

The  effect  of  the  crystal  orientation  on  the  emissivity  is  explored  by 
testing  a  Niobium  single  crystal  at  three  different  orientations.  The 
measurements  show  les3  variation  than  the  accuracy  of  the  measurement 
process.  However  the  difference  between  the  single  crystal  and 
polycryatalline  samples  is  surprising.  Microscopic  analysis  reveals  that 
the  polycrystalline  sample  acquired  numerous  surface  pits  from  the  annealing 
process  accounting  for  the  higher  emissivity  values  over  the  single  crystal 
sample  (Fig.  5.7). 


•«m  *>  *  >  •  r 


mm 


.2 

1000 


1900  2000  2900 

Tenperntor* 

(degree  •  Kelvin) 

Vigor*  9.8  Hofnlon  and  Hf™3%  Zr 


.2  f- 

1000 


1900  2000  2900 

Temperature 
(degree*  Kelvin) 

Vigor*  5.9  Bothenlon 


233 


& 


§? 


c 


e 


5.7  CONCLUSIONS 

The  pulse  oounting  pyrometer  proved  to  be  an  exoellent  inatrument  for 
measuring  the  energy  emitted  by  a  material.  The  resulting  data  oan  bo  used 
to  directly  measure  emitted  energy  rather  than  requiring  inference  from  a 
measured  temperature.  Material  properties  which  are  based  on  an  emitted 
energy  can  be  calculated. 

The  emissivity  of  materials  has  been  shown  to  be  a  strong  function  of 
the  surface  preparation  with  the  temperature  a  weak  function  at  any  one 
wavelength.  A  possible  expression  for  the  emissivity  as  a  function  of 
temperature  is  given  for  some  of  the  materials  tested.  The  crystal 
orientation  does  not  effect  the  material  emissivity.  However  the  difference 
between  a  single  crystal  structure  and  a  polycrystalline  structure  does 
affect  the  emissivity.  The  emissivity  of  an  alloy  is  not  related  to  the 
constituents  but  is  determined  by  the  surface  conditions.  The  annealing 
process  and  its  effect  on  the  emissivity  is  related  to  the  grain  structure 
of  the  material  and  the  growth  of  the  grains  during  heating.  The  normal 
spectral  emlssivities  of  hafnium,  iridium,  molybdenum,  niobium,  ruthenium, 
tantalum  and  tungsten,  Hf,  3V*Zr  and  Nb,il5%-Ir  are  recorded. 

The  determination  of  the  emissivity  frcm  the  material  properties  seems 
to  be  within  grasp.  Further  study  into  the  effect  of  the  recrystallization 
temperature  and  the  annealing  process  is  necessary  to  accurately  predict  the 
transition  point  and  the  properties  of  a  material  before  and  after  that 
point.  The  grain  size  and  structure  should  be  accurately  measured  during 
each  step  of  the  heating  process.  Then  the  prediction  of  the  emissivity 
from  the  surface  roughness  may  be  made.  The  final  product  should  be  an 
accurate  emissivity  value  of  any  desired  metal  at  any  temperature.  The 
extension  of  this  to  the  total  and  hemispherical  emlssivities  also  seems 
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possible.  The  end  result  would  be  a  savings  of  many  man  hours  of  testing 
and  research  and  would  allow  the  pursuit  of  more  meaning  studies. 


5.8  Appendix 

Pulse  Counting  Pyrometer 

The  photon/ pulse  counting  pyrometer  was  designed  by  Dr.  E.  K.  Storms 
at  Los  Alamos  National  Laboratory  [5.27].  It  was  designed  to  provide  a  very 
accurate  and  easy  to  use  pyrometer  for  the  laboratory.  The  device  uses  a 
photomultiplier  to  detect  the  thermal  radiation  emitted  from  a  source.  The 
electrical  pulses  produced  by  the  photomultiplier  are  oounted  and  compared 
to  the  nunber  of  pulses  produced  at  a  calibration  temperature.  The  results 
is  the  temperature  of  the  source.  The  detailed  construction,  calibration 
and  operation  of  the  pulse  counting  pyrometer  is  presented. 

5.8.1  Construction 

The  first  step  in  construction  is  obtaining  a  photomultiplier  tube  and 
housing  assembly.  The  assembly  used  is  a  981  3B  photomultiplier  and  a  RFI/B- 
21 3F  housing  [5.28].  This  assembly  is  mounted  on  a  base  plate  of  aluminum 
to  allow  the  mounting  of  the  optical  assembly.  The  pyrometer  is  shown  in 
Figure  5.10.  The  optical  assembly  is  composed  of  an  inexpensive  camera  lens 
(a),  an  interference  filter  (b),  a  nickel  mirror  (c),  an  eyepiece  (d),  and  a 
neutral  density  filter  assembly  (e). 

The  camera  lens  may  be  of  any  variety.  A  fixed  focal  length  model  was 
used.  The  use  of  a  variable  focal  length  may  be  possible  but  has  not  been 
attempted.  The  lens  is  attached  to  an  aluninun  box  with  a  bayonet  mount. 
The  aluninun  box  may  be  of  any  size  and  shape.  The  interference  filter  is 
mounted  just  behind  the  camera  lens.  The  nickel  mirror  is  mounted  on  a 
aluninun  block  at  an  angle  of  45°  to  the  incident  radiation.  A  .1mm  hole  is 
drilled  in  the  center  of  the  mirror  parallel  to  the  incident  radiation.  The 
neutral  density  filter  assembly  is  from  a  Northrup  &  Leeds  optical 
pyrometer.  It  contains  two  filters  and  one  opening  without  a  filter.  The 
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eyepieoe  Is  positioned  st  90°  to  the  inoidsnt  rsdistion  snd  is  fooussd  on 
ths  mirror. 

The  only  oritiosl  alignment  is  in  the  positioning  of  the  mirror  snd 
the  osmers  lens  on  the  oenter  line  of  the  photomultiplier.  Cere  should  be 
taken  to  keep  all  three  components  on  the  same  axis.  The  distanoe  of  the 
mirror  from  the  camera  lens  should  be  oheoked  to  Insure  the  ability  to  foeus 
an  image  onto  the  mirror  at  a  distanoe  of  15  to  25  om  from  the  oamera  lens. 
A  6  power  eyepiece  is  used  in  this  instrument  and  is  more  than  adequate. 

5.8.2  Theory  of  Operation 

The  operation  of  the  pyrometer  la  broken  down  into  three  major 
sections.  The  optical  section  of  the  pyrometer  is  the  selector  seotion  of 
the  pyrometer,  restricting  the  Incoming  thermal  radiation  to  a  single 
wavelength  and  sampling  a  small  area  of  the  source.  Each  portion  of  the 
optical  section  serves  a  specific  purpose.  The  camera  lens  gathers  the 
radiation  emitted  by  the  source.  As  the  radiated  beam  enters  the  optical 
assembly  the  interference  filter  acts  to  admit  only  a  specific  wavelength  of 
the  radiation.  The  mirror  positions  an  image  of  the  source  in  the  focal 
axis  of  the  eyepiece  for  aiming  the  pyrometer.  The  aperature  drilled  in  the 
mirror  restricts  the  sampled  portion  of  the  source  to  a  very  small  area. 
The  exact  area  is  determined  by  the  distance  the  pyrometer  is  fran  the 
source.  The  neutral  density  filters  attenuate  the  incoming  radiation  to  a 
level  that  is  within  the  linear  operating  range  of  the  photomultiplier 
detector. 

The  detector  section  is  the  photomultiplier  assembly.  The 
photomultiplier  works  on  the  principle  of  photoemission  and  secondary- 
electron  emission  in  erder  to  detect  very  low  levels  of  light  [5.29].  The 
incoming  thermal  radiation  strikes  the  photocathode  at  the  front  of  the 


photomulti pi ier  tub*  .  The  photoeleotri o  «ml8Sion  in  the  photooat  hod* 
material  sand  elsotrons  into  tha  photooulti  pi  iar  tuba.  Tha  number  of 
electrons  released  is  proportional  to  the  energy  of  the  inooming  radiation. 
The  electrons  are  aooelerated  and  fooused  onto  a  dynode.  This  material  will 
emit  two  or  more  electrons  for  each  incident  electron.  These  seoondary 
electrons  are  again  accelerated  and  fooused  onto  another  dynode  providing 
another  level  of  aplif ioation.  Several  of  these  stages  may  be  plaoed  in  a 
photomultiplier  resulting  in  an  amplification  of  several  orders  of 
magnitude.  The  acceleration  of  the  electrons  and  the  operation  of  the 
dynodes  are  powered  by  an  excitation  voltage  supplied  oxternal  to  the  tube. 
The  focusing  apparatus  in  this  device  is  performed  by  the  permanent  ma&iets 
mounted  in  the  phototube  housing. 

The  signal  processing  section  is  composed  of  a  Princeton  Applied 
Research  Model  1121  Discriminator- Am  pi  if  ier  [5.30]  and  a  Hewlett-Packard 
Model  5308  Timer-Counter  [5.31].  The  signal  produced  by  the  photomultiplier 
is  routed  to  the  discriminator-amplifier.  The  discriminator  produces  and 
output  pulse  based  on  the  signal  fran  the  photomultiplier.  The  threshold 
level  and  count  mode  may  be  selected  frcra  the  front  panel.  The  threshold 
level  sets  the  minimum  signal  level  that  will  be  processed  by  the 
discriminator.  A  threshold  difference  level  may  also  be  set  that  controls  a 
second  threshold  level.  The  count  mode  may  be  one  of  three  selections,  the 
SINGLE  count  position  provides  a  single  output  pulse  for  each  input  that 
exceeds  the  low  threshold  level.  The  WINDOW  count  position  produces  an 
output  pulse  only  if  the  incoming  signal  is  between  the  high  and  low 
threshold  levels.  The  CORRECT  count  position  produces  a  single  output  pulse 
for  each  input  signal  that  is  between  the  high  and  low  threshold  levels, 
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and,  products  two  output  pulass  for  any  Input  signal  that  la  above  the  high 
threshold  level. 

The  output  signal  from  the  discriminator- an  pi  if  ler  is  input  to  the 
timer- counter .  This  devloe  Is  operated  as  a  frequency  counter  providing  an 
output  that  is  the  number  of  counts  per  second.  Any  type  of  frequency 
counter  may  be  used.  The  Hewlett-Packard  5308  was  chosen  beoause  of  the 
standard  interface  connection  and  the  ability  to  use  it  in  other  systems.  A 
Hewlett-Packard  printer  is  connected  via  the  interface  providing  a  hard  copy 
of  the  pyrcmeter  measurements. 

5.8.3  Calibration 

A  pyrometer  is  only  as  good  as  the  calibration.  For  this  reason  the 
pulse  counting  pyrometer  was  transported  to  Los  Alamos  National  Laboratory 
and  the  laboratory  of  Dr.  E.  K.  Storms  for  calibration.  Dr.  Storms  operates 
a  copper  furnace  specifically  for  calibration  of  his  two  photon  counting 
pyrometers  [5.27]. 

The  initial  step  in  calibration  was  to  determine  the  operation 
parameters  that  would  provide  the  most  linear  operation  over  the  widest 
temperature  range.  This  was  a  trial  and  error  process  using  a  tungsten 
strip  lamp  and  an  adjustable  power  supply  for  the  photomultiplier  excitation 
voltage.  The  reading  of  the  pyrometer  was  plotted  against  the  strip  lamp 
temperature.  This  process  was  repeated  for  each  excitation  voltage, 
threshold  level,  threshold  difference  level  and  count  mode.  The  most  linear 
operating  mode  was  obtained  at  the  following  settings: 

Excitation  voltage  1400V 

Threshold  0.975mV 

Threshold  difference  0.300raV 

Count  Mode  CORRECT 
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The  next  step  was  the  aotual  calibration.  The  pyrcmetar  was  aimed  at 
the  oopper  furnaoe  and  oonneated  to  a  computer.  The  computer  reoorded  and 
plotted  eaoh  reading  of  the  pyrometer.  The  oopper  furnace  was  turned  on. 
When  the  copper  began  to  melt  the  plot  of  the  pyrometer  readings  leveled  off 
indicating  the  phase  ohange  of  the  copper.  When  the  phase  ohange  was 
complete  the  pyrometer  readings  again  increased  indicating  the  completion  of 
the  phase  change.  The  power  to  the  furnace  was  turned  off.  The  readings 
again  leveled  off  during  the  phase  change  of  the  oopper.  When  the  phase 
change  was  complete  the  process  was  halted.  The  entire  sequence  required  a 
period  of  three  hours.  The  start  and  end  points  of  each  of  the  phase 
changes  were  designated  and  the  computer  calculated  the  average  pyrometer 
reading  at  the  calibration  temperature. 

The  last  step  in  the  calibration  was  the  determination  of  the  dead 
time  of  the  photomultiplier  and  the  attenuation  of  each  of  the  neutral 
density  filters.  The  dead  time  of  the  photomultiplier  is  the  recovery  rate 
of  the  detector  within  the  photomultiplier  tube.  The  detector  has  a  certain 
recovery  time  during  which  it  will  not  detect  an  impacting  electron.  The 
dead  time  is  a  value  that  corrects  for  this  characteristic  behavior. 

The  process  requires  an  adjustable  temperature  source,  in  this  case  a 
tungsten  strip  lamp.  The  pyroneter  count  rate  is  measured  without  a  filter 
in  place.  At  the  same  temperature  a  new  measurement  is  made  with  a  filter 
in  the  light  path.  The  process  is  repeated  for  each  filter  and  for  a  series 
cf  tanperature.  A  plot  of  the  ratio  of  the  count  rates  versus  the  count 
rate  without  the  filter  is  made.  A  least  squares  curve  fit  is  used  to 
relate  the  measurements  to  the  expression 
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I  indicates  the  filter  number.  Two  filters  are  used  In  this  instrument  with 
a  third  position  without  a  filter.  0  was  designated  the  measurement  without 
a  filter,  1  for  the  first  filter  and  2  for  the  second  filter. 

The  plot  of  the  two  sets  of  data  points  is  in  Figure  ‘5.11.  Also  shown 
is  the  line  fitted  to  equation  3.  The  resulting  dead  time  is  an  average  of 
the  values  calculated  for  each  filter.  The  attenuation  of  the  pyrex  bell 
jar  is  used  as  the  attenuation  of  the  0  filter  position.  The  attenuation 
values  and  dead  time  for  this  instrument  are: 

Dead  time  1.1044E-7  1/sec 

Attenuation  0  1.0607 

Attenuation  1  4.7780 

Attenuation  2  98.6840 

The  calibration  measurement  is  corrected  for  dead  time  (Cqn.  6)  and 
used  in  the  expression  for  determining  the  temperature  of  other  pyrometer 
measurements  (Eqn.  7). 

This  completes  the  details  of  the  pulse/photon  counting  pyrometer. 
Dr.  Storms  has  used  two  of  these  instruments  for  over  five  years  without 
difficulty.  The  calibration  has  proven  to  be  good  for  at  least  a  three  year 
period.  The  dead  time  and  attenuation  calculations  are  repeated  about  every 
six  months.  The  long  term  drift  in  calibration  is  better  than  1°  K.  The 
reproducibility  of  a  temperature  measurement  is  better  than  ±0.2°  K.  The 
accuracy  of  the  instrument  is  better  than  1°  K  based  on  gold  furnace 
measurements  [5.27]. 
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VI.  Maas  Spectrometer  Solid  Probe 


6. 1  Abstract 

The  proposed  solid  probe  design  uses  induction  heating  to  sublime 
refractory  metal  samples  to  be  analyzed  in  a  quadruple  mai*s  spectrometer.  A 
copper  induction  coil  is  used  to  induce  a  high  frequency,  alternating 
current  into  the  3ample  material.  A  tantalum  tube,  holding  the  sample,  ha 
a  0.050  inch  orifice  in  the  end  of  it  to  ensure  the  ionizer  is  not  flooded 
with  sample  molecules.  Ceramic  insulators  are  used  to  thermally  and 
electrically  insulate  both  the  tantalum  tube  and  copper  tubing  from  the  body 
of  the  probe.  Besides  the  high  frequency,  (radio  frequency)  a  generator 
provides  cooling  water,  run  through  the  copper  tubing. 


6.2  INTRODUCTION 


This  project  involves  the  design  of  a  solid  heating  probe  for  the  mass 
spectrometer  in  the  thermion! cs  lab  at  Arizona  State  University.  Before  a 
solid  probe  design  oould  be  generated,  a  complete  understanding  of  the  mass 
spectrometer  and  the  function  of  the  probe  was  necessary.  Factors,  such  as 
the  high  vacuum  and  cleanliness  requirements  were  experimented  with  in  the 
lab.  They  theory  behind  the  mass  spectrometer  and  induction  heating  was 
studied,  so  an  effective  design  could  be  implemented.  The  following  design 
constraints  were  used  in  the  solid  probe  design.  The  function  of  the  mass 
spectrometer  is  to  analyze  surface  composition  of  refractory  metals  and  high 
temperature  alloys.  This  means  a  temperature  requirement  of  approximately 
2000  C  to  3000  C  is  necessary.  The  probe  must  vaporize  the  materials,  by 
subl imination ,  in  a  high  vacuumed  chamber.  The  probe  must  have  a  two  and 
three  quarters  inch  flange  attachment  for  interfacing  with  the  mass 
spectrometer.  Lastly,  the  probe  must  not  introduce  contamination  resulting 
from  foreign  matter  or  vacuun  leaks  in  the  chamber  of  the  mass  spectrometer. 

6.3  THEORY  OF  THE  MASS  SPECTROMETER 

The  mass  spectrometer  is  a  device  for  analyzing  material  composition  by 
measuring  the  mass  of  ionized  atoms.  There  are  several  different  types  of 
mass  spectrometers,  but  the  one  in  the  thermion! cs  lab  is  a  quadrupole  mass 
spectrometer.  It  consists  of  three  separate  parts;  the  ionizer,  the  mass 
filter  and  the  detector  plate.  All  of  these  components  are  contained  in  a 
chamber  at  low  pressure  (high  vacuum).  The  following  process  describes  the 
analysis  of  a  sample. 

The  sample  is  placed  in  the  tantalum  tube  of  the  solid  probe  and  the 

probe  is  attached  tothe  flange  on  the  mass  spectrometer.  The  primary  pump 

-3 

is  started  to  initiate  a  vacuum  in  the  chamber.  Once  a  pressure  of  10 
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torr  is  achieved,  the  turbo-pump  Increases  the  vacuum  to  as  low  as 
10“6  torr.  The  sample  Js  then  heated  and  sublimed  by  the  solid  probe.  A 
fine  stream  of  sample  molecules  leave  through  the  orifice  at  the  end  of  the 
tantalum  tube  and  enter  the  ionizer.  A  stream  of  electrons  bombard  the 
gaseous  molecules  producing  positively  charged  parent  ions  and  fragment 
ions.  A  series  of  lenses  in  the  ionizer  collimate  the  cloud  of  sample 
molecules  toward  the  mass  filter. 

The  quadrupole  mass  filter  is  composed  of  four  cylindrical  rods, 
arranged  parallel  and  symmetrical  with  one  another,  with  opposite  rods 
electrically  connected  (Fig.  6.1).  A  radio  frequency  and  direct  current 
voltage,  of  equal  potential  but  opposite  charge,  is  applied  to  each  set  of 
rods.  A  stream  of  ions  with  a  given  m/z  (mass- to- charge )  ratio  can  be 
transmitted  through  the  quadrupole  filter  and  all  other  ions  stopped,  by 
varying  the  absolute  potential  applied  to  the  rods.  The  ions  transmitted 
trough  the  filter  are  said  to  be  in  stable  orbits,  while  the  ions  absorbed 
or  deflected  by  the  quadrupoles  are  said  to  be  in  unstably  orbits. 

Finally,  the  Ions  flowing  down  the  quadrupole  in  stable  orbits  strike 
the  collector  plate  (Faraday  plate)  and  the  signal  is  multiplied  and 
displayed  on  the  oscilloscope.  A  spectrum  of  signal  intensity  versus  m/z 
value  can  be  obtained  from  the  oscilloscope  screen  (Fig.  6.2). 

6.  4  Contamination  of  the  Mass  Spectrometer 

In  order  to  obtain  accurate  results  from  the  mass  spectrometer,  the 
mass  spectrometer  chamber  must  be  kept  free  from  all  contamination. 
Contamination  can  result  from  foreign  matter,  such  as  oil  fora  a  hunan  hand, 
and/or  vacuum  leako. 

Since  the  solid  probe  interfaces  directly  with  the  chamber,  the 
possibility  of  contamination  must  be  taken  into  consideration.  Every  part 
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of  the  solid  probe  must  be  oleaned  thoroughly,  to  ensure  no  residues 
(unwanted  oxides)  are  left  on  the  part's  surfaoe.  For  each  material  used  In 
the  solid  probe,  Including  the  sample,  an  appropriate  cleaning  procedure 
must  be  used. 

While  working  in  the  thermion! os  lab,  several  cleaning  processes  and 
spot  welding  techniques  were  demonstrated  by  graduate  student  Derek  Tang. 
This  instruction  included  the  cleaning  of  tungsten  electrode  rods  and  the 
fabrication  of  collectors  and  emitters  used  in  a  Marchuk  tube.  The  cleaning 
procedures  for  tungsten  and  tantalum  are  given  on  the  following  page.  Most 
metal  cleaning  processes  are  similar  to  that  of  tungsten  and  tantalum  are 
given  on  the  following  page.  Most  metal  cleaning  processes  are  similar  to 
that  of  tungsten  and  tantalum,  differing  only  in  the  type  of  cleaning  agent 
used. 

Beside  "surfaoe  residues,"  contamination  can  occur  form  vacuum  leakage. 
When  the  probe  is  attached  to  the  mass  spectrometer,  a  copper  "O-ring"  must 
be  plaoed  between  the  probe  and  mass  spectrometer  flanges  to  provide  the 
proper  seal  against  leakage.  Vacuum  Is  necessary  because  the  mass 
spectrometer  either  predicts  the  trajectory  or  measures  the  time  flight  on 
an  ion.  Without  vacuum,  neither  function  oould  be  accomplished  because  of 
scattered  collisions  from  unmeasured  molecules. 
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I.  Tungsten 

1.  Ganaral  oakita  olaaning  pr  oca  dure 

2.  Boil  in  so<liin  hydroxide  bath  for  approx.  20  minutaa 

3.  Rinse  in  diatillad  water 

4.  Ultrasonic  in  diatillad  water  for  30  aaoonda 

5.  Hot  air  dry 

6.  Store  in  plaatio  bag 


II.  Oakita 

1  -  part  powdered  oakita 
8  -  parts  distilled  water 

Stir  and  partially  dissolve  oakite  in  eold  water,  then  heat  to  80  C  and  use 
at  that  tesperature.  Place  parts  to  be  cleaned  in  oakite. 


III.  Tantalun 

1 .  General  oakite  cleaning  procedure 

2.  Boll  in  hydrochloric  acid  for  15  minutes 

3.  Rinse  with  distilled  water 

4.  Rinse  in  two  baths  of  boiling  distilled  water 

5.  Ultrasonic  in  alcohol  for  30  seconds 

6.  Hot  air  dry 

7.  Wrap  in  lint  free,  sulphur  free  paper 

8.  Store  in  a  plastic  bag 


C 


6.5  INDUCT  ION  HEATING 


Induction  heating  is  the  hosting  of  an  electrically  oonduoting  material 
by  eddy  ourrents  induoed  by  a  varying  electro-magnet: o  field.  The  induction 
heater  principle  is  similar  to  that  of  a  transformer.  The  oopper  coil  can 
be  considered  the  primary  winding  and  the  tantalum  tube,  a  single  wind 
secondary.  When  a  high-frequency,  alternating  ourrent  flows  in  the  primary 
coil,  secondary  ourrents  (eddy  currents)  will  be  induoed  in  the  material. 
Since  the  ourrent  flowing  in  the  sample  material  is  a  summation  of  the  eddy 
currents  Induoed,  the  copper  ooil  is  wrapped  closely  around  the  tantalum 
tube.  This  ensures  maximum  induoed  eddy  ourrents  and  therefore,  high 
heating  rates. 

The  advantages  of  induction  heating  over  conventional  heating  processes 
are;  the  heating  is  very  rapid  because  the  heating  is  Induoed  directly  into 
the  material.  The  heating  is  localised  and  heating  area  easily  controlled 
by  the  size  and  shape  of  the  inductor  ooil.  Because  of  the  generator,  the 
heating  is  easily  controllable.  It  lends  itself  to  automation,  in-line 
processing,  and  automatic- process  cycle  control.  The  start-up  time  is  short 
and  the  working  conditions  are  favorable  because  of  the  absence  of  noise, 
fumes,  and  radiated  heat. 

The  induced  currents  in  the  sample  material  decrease  exponentially  from 
the  surface  toward  the  center  of  the  material  being  heated.  Since  the 
heating  ia  maximum  at  the  surface,  and  the  mass  spectrometer  will  be  used 
for  surface  composition  analysis,  Induction  heating  lends  itself  as  the  most 
effective  method  of  heating.  With  Induction  heating  the  heat  is  generated 
by  the  current  flowing  through  the  material's  own  resistivity. 
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6.6  Solid  Probe  Design 

The  final  daaign  of  tha  solid  probe  incorporates  induction  heating  to 
vaporize  solid  samples  at  a  temper  at  vre  of  approximately  2000  C  to  3000  C. 
The  induotion  ooil,  made  of  oopper ,  oarriea  radio  frequency  and  tnduoes 
current  directly  into  the  sample  material.  Cooling  water  is  run  through  the 
oopper  tubing  to  minimize  the  effects  of  radiation,  a  generator  provides 
both  the  radio  frequency  and  cooling  water  to  the  solid  probe,  the  tube 
holding  the  sample  is  made  of  tantalum  and  has  a  0.050  inoh  orifice  in  the 
end  of  it.  The  probe  flange  and  body  are  made  of  stainless  steel.  The 
flange  is  a  standard  two  and  three  quarters  inch  flange.  Ceramlo  insulators 
are  used  to  thermally  and  electrically  insulate  the  base  of  the  tantalum 
tube  and  the  copper  tubing  from  the  body  of  the  solid  probe.  The  probe  and 
a  schematic  of  its  relationship  with  the  mass  spectrometer  are  shown  in 
Figs.  6.3.  6. and  6.5. 

6.7  DESIGN  RATIONALE 

Of  the  three  basic  types  of  heating  methods;  induotion  heating, 
resistive  heating  and  electron  bombardment,  induction  heating  was  chosen 
because  of  the  geometry  of  the  application.  The  induotion  heating  probe  is 
a  self-contained  unit  that  has  the  capability  of  heating  a  sample  to  the 
very  high  temperature  requirement  (2000  C  to  3000  C). 

Furthermore,  induction  heating  was  chosen  for  the  probe  because  of  it's 
advantages  previously  stated,  such  as;  extremely  high  heating  rates,  easily 
controllable  heating,  short  start-up  time,  and  absence  of  fumes  and  radiated 
heat. 

Copper  tubing  is  used  for  the  Induction  coll  because  of  it's  high 
electrical  conductivity.  The  sample  holding  tube  is  made  of  tantalum 
because  of  it's  capability  to  withstand  high  temperatures  and  ease  of 
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Perspective  view  of  solid  Fig.  6.5  Schematic  of  solid  probe  in  the 

Probe.  •  mass  spectrometer. 
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machining.  A  small  orifice  (0.050  inch)  is  drilled  in  the  end  of  the 
tantalum  tube  to  permit  only  a  small  stream  of  sample  molecules  to  enter  the 
ionizer.  This  is  important  because  the  ionizer  must  not  be  flooded  with 
sample  molecules. 

Because  of  it's  ability  to  both  thermally  and  electrically  insulate, 
ceramic  is  chosen  for  insulation  between  the  base  of  the  tantalum  tube  and 
the  body  of  the  probe.  The  ceramic  Insulators  are  also  employed  between  the 
copper  tubing  and  the  body  of  the  probe. 

The  copper  induction  coil  is  wound  only  at  the  end  of  the  tantalum  tube 
to  localize  the  heating  at  the  sample  location  in  the  tube.  The  spacing 
between  the  copper  coil  and  tantalum  tube  is  close  to  ensure  maximun  Induced 
eddy  currents  and  therefore,  high  heating  rates.  The  induction  coil  and 
sample  holding  tube  extend  approximately  six  inches  into  the  mas3 
spectrometer  chamber  to  allow  the  heating  to  take  place  directly  in  front  of 
the  ionizer. 

6.8  CONCLUSION 

The  objective  of  this  project  was  to  develop  a  design  for  a  solid  probe 
to  interface  with  the  mass  spectrometer  in  the  thermionics  lab.  to  initiate 
the  design  procedure  for  the  probe,  the  method  of  heating  had  to  be  chosen. 
Induction  heating  was  chosen  because  of  it's  advantages  in  this  application. 
The  configuration  of  the  probe  was  then  generated  and  the  materials  chosen. 
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